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be of i n t e r e s t to bond t h e o r i s t s b e c a u s e of i t s r a t h e r l a r g e N - C l d i s t a n c e , 
l a r g e q u a d r u p o l e coup l ing c o n s t a n t s , and s m a l l dipole m o m e n t . T h e s e 
f e a t u r e s r e s t r i c t the l a t i t u d e of bond p a r a m e t e r a d j u s t m e n t to a g r e a t e r 
d e g r e e t han in m o s t o t h e r c o m p o u n d s . 
C H A P T E R I 
INTRODUCTION 
In r e c e n t y e a r s the r e f i n e m e n t of a p p a r a t u s for g e n e r a t i o n , 
t r a n s m i s s i o n , and d e t e c t i o n of m i c r o w a v e r a d i a t i o n h a s m a d e p o s s i b l e 
s p e c t r o s c o p i c s t u d i e s in a f r e q u e n c y r e g i o n in which m a n y m o l e c u l a r 
g a s e s exh ib i t p u r e r o t a t i o n a l a b s o r p t i o n s p e c t r a . A n a l y s e s of t h e s e 
s p e c t r a and t h e i r h y p e r f i n e s t r u c t u r e s p e r m i t d e t e r m i n a t i o n of i m p o r ­
tan t m o l e c u l a r c o n s t a n t s , i nc lud ing bond d i s t a n c e s and a n g l e s , m o l e c u ­
l a r d ipole m o m e n t s , and e l e c t r i c f ie ld g r a d i e n t s at the p o s i t i o n s of 
c e r t a i n n u c l e i . W i d e s p r e a d a c t i v i t y h a s b e e n d i r e c t e d t o w a r d a m a s s i n g 
a l a r g e body of such e x p e r i m e n t a l da ta , which as a t e s t i n g g r o u n d for 
t h e o r y i s e x p e c t e d to l e a d to a b e t t e r u n d e r s t a n d i n g of the c h e m i c a l bond . 
T h i s t h e s i s r e p o r t s a d e t e r m i n a t i o n of t h e s e c o n s t a n t s for n i t r y l c h l o r i d e 
(NO^Cl ) t h r o u g h c o m p i l a t i o n and a n a l y s i s of i t s m i c r o w a v e s p e c t r u m 
in the r e g i o n 25, 000 to 40 , 600 m e g a c y c l e s . 
N a t u r e of the S p e c t r u m 
N i t r y l c h l o r i d e i s a p l a n a r , Y - s h a p e d m o l e c u l e in wh ich a c e n ­
t r a l n i t r o g e n n u c l e u s i s b o n d e d to a c h l o r i n e and two oxygen n u c l e i . The 
g r o s s f e a t u r e s of i t s m i c r o w a v e a b s o r p t i o n s p e c t r u m can be p r e d i c t e d 
by r e g a r d i n g the m o l e c u l a r s t r u c t u r e a s a r i g i d f r a m e w o r k and a p p l y ­
ing the q u a n t u m - m e c h a n i c a l t r e a t m e n t of the r o t a t i o n of an a s y m m e t r i c 
t o p . A b s o r p t i o n s a r e a t t r i b u t e d to t r a n s i t i o n s i n d u c e d b e t w e e n q u a n t i z e d 
2 
r o t a t i o n a l e n e r g y l e v e l s by i n t e r a c t i o n of the m o l e c u l a r e l e c t r i c d ipole 
m o m e n t wi th the r a d i a t i o n e l e c t r i c f ie ld . S e l e c t i o n r u l e s g o v e r n i n g such 
i n t e r a c t i o n s p r e s c r i b e p a r t i c u l a r p a i r s of e n e r g y l e v e l s b e t w e e n wh ich 
t r a n s i t i o n s a r e a l lowed; the a b s o r p t i o n f r e q u e n c y c o r r e s p o n d i n g to e a c h 
t r a n s i t i o n i s r e l a t e d to the e n e r g y d i f f e r ence b e t w e e n l e v e l s by the B o h r 
r u l e , AE = hv . F i t t i n g of c a l c u l a t e d t r a n s i t i o n f r e q u e n c i e s to the o b s e r v e d 
s p e c t r u m p e r m i t s e v a l u a t i o n of the m o m e n t s of i n e r t i a of the m o l e c u l a r 
f r a m e w o r k , and f r o m t h e m , bond d i s t a n c e s and a n g l e s . 
P r e d i c t i o n of the m o r e d e t a i l e d f e a t u r e s of the s p e c t r u m r e q u i r e s 
c o n s i d e r a t i o n of the e l e c t r i c q u a d r u p o l e m o m e n t of the c h l o r i n e n u c l e u s , 
which i n t e r a c t s wi th the e l e c t r i c f ie ld g r a d i e n t p r o d u c e d a t the n u c l e u s 
by a l l o t h e r c h a r g e s in the m o l e c u l e . E a c h a l l o w e d o r i e n t a t i o n of the 
c h l o r i n e n u c l e a r sp in r e l a t i v e to the m o l e c u l a r r o t a t i o n a l a n g u l a r m o ­
m e n t u m i s c h a r a c t e r i z e d by a unique i n t e r a c t i o n e n e r g y , which adds 
a l g e b r a i c a l l y to the r o t a t i o n a l e n e r g y . B e c a u s e of t h i s s p l i t t i n g of r o ­
t a t i o n a l l e v e l s the s p e c t r u m e x h i b i t s a h y p e r f i n e s t r u c t u r e ; e a c h r o t a ­
t i ona l t r a n s i t i o n a p p e a r s a s a g r o u p of s e v e r a l l i n e s . F i t t i n g of the 
h y p e r f i n e sp l i t t i ng p e r m i t s c a l c u l a t i o n of q u a n t i t i e s p r o p o r t i o n a l to the 
e l e c t r i c f i e ld g r a d i e n t a t t he c h l o r i n e n u c l e u s . 
When an e x t e r n a l e l e c t r i c f i e ld i s a p p l i e d to the ga s t h e r e i s an 
a d d i t i o n a l i n t e r a c t i o n b e t w e e n the a p p l i e d f ie ld and the m o l e c u l a r e l e c ­
t r i c d ipole m o m e n t , the S t a r k ef fec t . The d i f f e r en t v a l u e s of the i n t e r ­
a c t i o n e n e r g y for the v a r i o u s a l l o w e d a v e r a g e o r i e n t a t i o n s of the m o l e ­
cu le r e l a t i v e to the f ie ld c a u s e fu the r s p l i t t i n g and d i s p l a c e m e n t of the 
h y p e r f i n e c o m p o n e n t l i n e s . F i t t i n g of t h i s S t a r k s p e c t r u m p e r m i t s 
e v a l u a t i o n of the m o l e c u l a r e l e c t r i c d ipole m o m e n t . 
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T h e o r e t i c a l B a c k g r o u n d 
The t h e o r e t i c a l b a s i s for a n a l y s i s of the f i e l d - f r e e r o t a t i o n a l 
s p e c t r u m of an a s y m m e t r i c - t o p m o l e c u l e with n u c l e a r q u a d r u p o l e i n t e r ­
a c t i o n i s now we l l e s t a b l i s h e d . The S t a r k effect for such m o l e c u l e s , 
h o w e v e r , h a s no t ye t b e e n w o r k e d out c o m p l e t e l y for a l l c a s e s . In the 
fol lowing s e c t i o n s the h i s t o r y of a p p l i c a b l e t h e o r e t i c a l w o r k i s r e v i e w e d 
and s y m b o l s u s e d in the s e q u e l a r e i n t r o d u c e d . R e s u l t s of t h e o r y and 
t h e i r a p p l i c a t i o n s a r e d i s c u s s e d in g r e a t e r de t a i l in A p p e n d i c e s A, B , 
and C . 
R o t a t i o n a l e n e r g y of an a s y m m e t r i c t o p . — T h e H a m i l t o n i a n for a r i g i d 
1 2 2 2 
r o t o r i s H = T ( P / I + P, /L + P / I ), w h e r e P , P, , P a r e the c o m -
r 2V a a b b c c a b c 
p o n e n t s of the t o t a l a n g u l a r m o m e n t u m a long the p r i n c i p a l a x e s of 
i n e r t i a , and I < L < I a r e the m o m e n t s of i n e r t i a about t h e s e a x e s , 
a b ~ c 
The w a v e equa t ion (H - E )\L> = 0 can be s o l v e d in a s t r a i g h t f o r w a r d 
r r x r 
m a n n e r for the s y m m e t r i c r o t o r , w h e r e two of the m o m e n t s of i n e r t i a 
a r e e q u a l . The r e s u l t i n g s t a t e s a r e c h a r a c t e r i z e d by t h r e e q u a n t u m n u m ­
b e r s : J, c o r r e s p o n d i n g to the to t a l r o t a t i o n a l a n g u l a r m o m e n t u m ; K, c o r ­
r e s p o n d i n g to the c o m p o n e n t of a n g u l a r m o m e n t u m a long the m o l e c u l a r 
s y m m e t r y a x i s , and M, c o r r e s p o n d i n g to the c o m p o n e n t of a n g u l a r 
m o m e n t u m a long a s p a c e - f i x e d a x i s . So lu t ion for the a s y m m e t r i c 
r o t o r , h o w e v e r , i s c o m p l i c a t e d by the fac t t ha t the w a v e equa t ion does 
not s e p a r a t e in s i m p l e c o o r d i n a t e s y s t e m s . 
A c o m p r e h e n s i v e t r e a t m e n t of the a s y m m e t r i c r o t o r w a s g iven 
in 1929 by Wang (1), who d e v e l o p e d s i m p l e e x p r e s s i o n s for m a t r i x 
e l e m e n t s of e v a l u a t e d wi th s y m m e t r i c - r o t o r w a v e f u n c t i o n s . T h e 
r e s u l t i n g m a t r i x i s i n d e p e n d e n t of M and i s d i agona l in J; for e a c h 
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J t h e r e i s a (2J + 1) by (2J + 1) s u b m a t r i x which m a y be d i a g o n a l i z e d to 
find a l l o w e d e n e r g i e s . No q u a n t u m n u m b e r wi th p h y s i c a l m e a n i n g d i s ­
t i n g u i s h e s a m o n g the (2J + 1) r o o t s ; in one c o m m o n l y u s e d n o t a t i o n they 
a r e i den t i f i ed by the s y m b o l J ^ , w h e r e the index i n t e g e r T r u n s f r o m - J 
to +J in o r d e r of i n c r e a s i n g e n e r g y . 
The p r o b l e m of so lv ing the s e c u l a r d e t e r m i n a n t for g iven J c a n 
a l w a y s be s i m p l i f i e d by f a c t o r i n g i t in to s m a l l e r d e t e r m i n a n t s (four, 
for J > 2) . T h a t t h i s c a n be done i s a c o n s e q u e n c e of s y m m e t r y p r o p e r ­
t i e s of the r o t a t i o n a l w a v e f u n c t i o n s , which m u s t r e m a i n u n c h a n g e d o r 
a t m o s t c h a n g e s ign when the m o m e n t a l e l l i p s o i d i s s u b j e c t e d to a 180° 
r o t a t i o n abou t a p r i n c i p a l a x i s ; e a c h s m a l l e r d e t e r m i n a n t i n v o l v e s 
s t a t e s w h o s e wave func t ions h a v e the s a m e b e h a v i o r wi th r e s p e c t to s u c h 
r o t a t i o n s . F o r J < 3 the r e s u l t i n g e q u a t i o n s , of s e c o n d d e g r e e a t m o s t , 
c a n be s o l v e d e x a c t l y for a l l a l l o w e d e n e r g i e s in t e r m s of t h r e e r o t a ­
t i ona l c o n s t a n t s : A = h/(8-rr 2 I ), B = h/(8Tr2L ), and C = h/(87r2I ) . 
a D c 
C e r t a i n r o o t s for J = 4, 5 c a n be found s i m i l a r l y , bu t for l a r g e r J the 
i n c r e a s i n g d e g r e e of the e q u a t i o n s l e a d s to c o m p u t a t i o n a l d i f f i cu l t i e s . 
It w a s shown by Ray (2) in 1932 t h a t the e n e r g y l e v e l s of any 
a s y m m e t r i c r o t o r can be e x p r e s s e d in t e r m s of d i m e n s i o n l e s s " r e d u c e d 
e n e r g i e s " c a l c u l a t e d f r o m s e c u l a r e q u a t i o n s invo lv ing only the a s y m m e t r y 
p a r a m e t e r K = (2B - A - C ) / ( A - C ) . In 1942 King, H a i n e r , and C r o s s (3) 
e x p r e s s e d the r o o t s of t h e s e e q u a t i o n s in the f o r m of c o n t i n u e d f r a c t i o n s , 
s u i t a b l e for n u m e r i c a l e v a l u a t i o n . They p u b l i s h e d t a b l e s f r o m which the 
r e d u c e d e n e r g i e s of any a s y m m e t r i c r o t o r for J < 10 m a y be d e t e r m i n e d 
a p p r o x i m a t e l y by i n t e r p o l a t i o n . 
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N u c l e a r q u a d r u p o l e i n t e r a c t i o n e n e r g y . — A q u a n t u m - m e c h a n i c a l t r e a t ­
m e n t of the i n t e r a c t i o n b e t w e e n a n u c l e a r e l e c t r i c q u a d r u p o l e and a s u r ­
round ing c h a r g e d i s t r i b u t i o n w a s g iven in 193 6 by C a s i m i r (4), who a n ­
a l y z e d the h y p e r f i n e s t r u c t u r e of a t o m i c s p e c t r a . His c h a r a c t e r i s t i c 
v a l u e s of the f i r s t - o r d e r i n t e r a c t i o n e n e r g y c a n be w r i t t e n = 
e q j Q f(I, J, F ) , w h e r e e i s the e l e c t r o n i c c h a r g e and Q i s the q u a d r u p o l e 
m o m e n t of the n u c l e u s . The quan t i t y q j i s the s e c o n d d e r i v a t i v e of the 
e l e c t r i c p o t e n t i a l a t the n u c l e u s wi th r e s p e c t to d i s t a n c e a long the a x i s 
of e l e c t r o n i c a n g u l a r m o m e n t u m , a v e r a g e d o v e r the m o t i o n of the a t o m ­
ic e l e c t r o n s . The " C a s i m i r func t ion" f(I ,J , F) i s a t a b u l a t e d quan t i t y , 
a d i m e n s i o n l e s s r a t i o n a l f r a c t i o n invo lv ing the n u c l e a r sp in q u a n t u m 
n u m b e r I, the t o t a l e l e c t r o n i c a n g u l a r m o m e n t u m q u a n t u m n u m b e r J, 
and the q u a n t u m n u m b e r of t h e i r r e s u l t a n t , F . 
The s i t u a t i o n c o n s i d e r e d by C a s i m i r i s i d e n t i c a l to tha t e n c o u n ­
t e r e d in m o l e c u l a r r o t a t i o n a l s p e c t r a , e x c e p t t h a t the a n g u l a r m o m e n t u m 
r e p r e s e n t e d by J b e c o m e s tha t of the r o t a t i o n , and q j m u s t be e v a l u a t e d 
by a v e r a g i n g o v e r the m o l e c u l a r m o t i o n . S e v e r a l m e t h o d s of d e t e r m i n ­
ing q j for an a s y m m e t r i c - t o p m o l e c u l e w e r e d e v e l o p e d by B r a g g and 
Go lden (5 ,6 ) in 1948. T h e i r t h e o r y e x p r e s s e s q u a d r u p o l e i n t e r a c t i o n 
e n e r g i e s in t e r m s of t h r e e q u a d r u p o l e coup l ing c o n s t a n t s : X = 
aa 
e Q ( a 2 V / 9 a 2 ) , X
 b b = e Q ( 8 2 V / 9 b 2 ) , X c q = e Q ( 9 V 2 / 9 c 2 ) . The d e r i v a t i v e s 
a r e t h o s e of the e l e c t r i c p o t e n t i a l a t the n u c l e a r p o s i t i o n , t a k e n wi th 
r e s p e c t to the p r i n c i p a l a x e s . T h e s e X's , g e n e r a l l y e x p r e s s e d in m e g a ­
c y c l e s , a r e m e a s u r e d e x p e r i m e n t a l l y by a n a l y s i s of the h y p e r f i n e 
s t r u c t u r e . 
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S t a r k - e f f e c t i n t e r a c t i o n e n e r g y . — T h e H a m i l t o n i a n o p e r a t o r for a m o l e ­
cu le in an e x t e r n a l e l e c t r i c f ie ld i n c l u d e s the p e r t u r b a t i o n t e r m H = 
r
 s 
-p(5" c o s a> r e p r e s e n t i n g the e n e r g y of an e l e c t r i c d ipo le m o m e n t u. o r i e n ­
t ed a t an ang le a wi th r e s p e c t to a f ie ld of s t r e n g t h ^ . The r e s u l t i n g 
l e v e l - s p l i t t i n g for an a s y m m e t r i c - t o p m o l e c u l e wi thout q u a d r u p o l e i n t e r ­
a c t i o n w a s w o r k e d out by Golden and Wi l son (7) in 1948. The m a t r i x of 
H g , e v a l u a t e d wi th a s y m m e t r i c - r o t o r w a v e f u n c t i o n s , i s d i agona l in M. 
B e c a u s e the s u b m a t r i x for e a c h M h a s no e l e m e n t s on the d i agona l , 
t h e r e i s no f i r s t - o r d e r e n e r g y p e r t u r b a t i o n . Of f -d iagona l e l e m e n t s 
c o n n e c t a l l s t a t e s J M, J ' ,M b e t w e e n which r a d i a t i o n - i n d u c e d t r a n s -
i t ions a r e a l l o w e d . App l i ca t i on of the s e c o n d - o r d e r e n e r g y e x p r e s s i o n 
of c o n v e n t i o n a l n o n d e g e n e r a t e p e r t u r b a t i o n t h e o r y g i v e s , for e a c h M of 
a s e l e c t e d J ^ , a S t a r k - e f f e c t i n t e r a c t i o n e n e r g y p r o p o r t i o n a l to the 
s q u a r e of the e l e c t r i c f ie ld s t r e n g t h . 
An e x t e n s i o n of the t h e o r y of a s y m m e t r i c - r o t o r S t a r k effect to 
i n c l u d e n u c l e a r q u a d r u p o l e i n t e r a c t i o n w a s c a r r i e d out by M i z u s h i m a 
(8) in 1952. When S t a r k and h y p e r f i n e s p l i t t i n g s a r e of the s a m e order 
of m a g n i t u d e i t i s n e c e s s a r y to c o n s t r u c t and d i a g o n a l i z e the m a t r i x of 
the c o m b i n e d p e r t u r b a t i o n H + H , w h e r e H i s the H a m i l t o n i a n o p e r -c
 s q q 
a t o r of C a s i m i r . The p e r t u r b a t i o n m a t r i x p r o p o s e d by M i z u s h i m a i s 
d i agona l in . E l e m e n t s of H_^  a r e e v a l u a t e d wi th the u n p e r t u r b e d w a v e -
func t ions of the r o t o r and the n u c l e u s for no coupl ing b e t w e e n J _ and_I; 
s u c h wave func t i ons a r e c h a r a c t e r i z e d by J , T , M, I, and the q u a n t u m 
n u m b e r m r e p r e s e n t i n g the c o m p o n e n t of _I_ a long a s p a c e - f i x e d a x i s . 
Only d i agona l m a t r i x e l e m e n t s of H g a r e i nc luded , and t h e s e a r e t a k e n 
to be s i m p l y the s e c o n d - o r d e r S t a r k - e f f e c t e n e r g i e s of t he r o t o r w i thou t 
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_J — _I_ coup l ing . The j u s t i f i c a t i o n for th i s p r o c e d u r e h a s b e e n d i s c u s s e d 
in de t a i l by E a g l e (9) . The r e s u l t i n g m a t r i x i s f u r t h e r d i agona l in the 
s u m M + m , so tha t i t m a y be f a c t o r e d in to s u b m a t r i c e s for c o n v e n i e n c e 
in n u m e r i c a l e v a l u a t i o n of the p e r t u r b a t i o n e n e r g i e s . 
A c o m p l i c a t i o n a r i s e s in the e v a l u a t i o n of the S t a r k - e f f e c t 
sp l i t t i ng of a r o t a t i o n a l l e v e l w h o s e e n e r g y i s not g r e a t l y d i f f e ren t f r o m 
t h a t of an a d j a c e n t l e v e l . E v e n in the m o s t a s y m m e t r i c r o t o r s t h e r e a r e 
n u m e r o u s p a i r s of s u c h n e a r - d e g e n e r a t e s t a t e s , s t a t e s wh ich would be 
c o m p l e t e l y d e g e n e r a t e in a s y m m e t r i c r o t o r . App l i ca t i on of an e l e c t r i c 
f ie ld c a u s e s a r e l a t i v e l y l a r g e i n t e r m i x i n g of the wavefunc t ions of the 
c l o s e l y s p a c e d s t a t e s , and the s e c o n d - o r d e r p e r t u r b a t i o n t r e a t m e n t 
b e c o m e s i n a c c u r a t e . The i m p o r t a n c e of the n e a r - d e g e n e r a t e c a s e w a s 
c o r r e c t l y a s s e s s e d by Golden and Wi l son in t h e i r a n a l y s i s of the r o t o r 
wi thou t q u a d r u p o l e i n t e r a c t i o n . H o w e v e r , the s i t u a t i o n w a s not c o n s i d ­
e r e d by M i z u s h i m a , and no d i s c u s s i o n of n e a r - d e g e n e r a c y in the p r e s ­
e n c e of q u a d r u p o l e i n t e r a c t i o n a p p e a r s in the l i t e r a t u r e . To avo id the 
l a b o r i n v o l v e d in the d i r e c t d i a g o n a l i z a t i o n of the e n t i r e m a t r i x of 
H + H , Golden and Wi l son d e v e l o p e d a c o n t a c t t r a n s f o r m a t i o n wh ich 
r s 
m a y be a p p l i e d to the m a t r i x to s e p a r a t e the s t r o n g i n t e r a c t i o n s b e t w e e n 
n e i g h b o r i n g s t a t e s f r o m the w e a k e r i n t e r a c t i o n s wi th m o r e r e m o t e 
s t a t e s . The w e a k e r i n t e r a c t i o n s c a n then be h a n d l e d by the s e c o n d -
o r d e r t h e o r y , l e a v i n g only the s t r o n g i n t e r a c t i o n s to b e t r e a t e d by 
m a t r i x d i a g o n a l i z a t i o n . Adap ta t i on of t h i s p r o c e d u r e to the q u a d r u p o l e -
i n t e r a c t i o n p r o b l e m h a s b e e n u n d e r t a k e n r e c e n t l y by E a g l e (10). 
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P u b l i s h e d Work on N i t r y l C h l o r i d e 
E a r l y c h e m i c a l i n v e s t i g a t i o n s of n i t r y l c h l o r i d e h a v e b e e n r e ­
v i e w e d by W. A. Noyes (11) . Al though i t s d i s c o v e r y w a s c l a i m e d in 
1862 by MUller (12), i t r e m a i n e d an o b s c u r e c o m p o u n d of q u e s t i o n e d 
e x i s t e n c e unt i l 1929> when h i g h - y i e l d p r e p a r a t i o n p r o c e s s e s w e r e d e ­
v e l o p e d by D a c h l a u e r (13) and by S c h u m a c h e r and S p r e n g e r (14) . E v e n 
r e c e n t c h e m i c a l w o r k , h o w e v e r , gave a m b i g u o u s e v i d e n c e a s to the 
s t r u c t u r e of the m o l e c u l e . S c h m e i s s e r (15), for e x a m p l e , i n t e r p r e t e d 
the f o r m a t i o n of c h l o r a m i n e in the r e a c t i o n of n i t r y l c h l o r i d e wi th 
a m m o n i a a s an i n d i c a t i o n of the e x i s t e n c e of the i r r e g u l a r s t r u c t u r e 
0 = N - 0 - C l , bu t t h i s c o n c l u s i o n w a s c o n t e s t e d by B a t e y and S i s l e r (16) . 
The i n f r a r e d and u l t r a v i o l e t a b s o r p t i o n s p e c t r a of n i t r y l c h l o r i d e 
have b e e n i n v e s t i g a t e d by Athey and E b e r h a r d t (17, 18), a n d the i n f r a r e d 
a b s o r p t i o n and the R a m a n s p e c t r a have b e e n s t u d i e d by R y a s o n and 
Wi lson (19) . The a n a l y s i s by R y a s o n and Wi l son e s t a b l i s h e d t h a t the 
c h l o r i n e bond i s to the n i t r o g e n n u c l e u s , bu t did not i n d i c a t e w h e t h e r 
the s t r u c t u r e i s p l a n a r o r p y r a m i d a l . 
In 1955 Mi l l en and Sinnot t (20) r e p o r t e d a d e t e r m i n a t i o n of the 
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r o t a t i o n a l c o n s t a n t s of N 0 0 C 1 f r o m i t s 0 r t -* 1 1 , ~* 2 and 
L. U — i — 1 — £, 
2_,, ~* 3 _ 3 m i c r o w a v e t r a n s i t i o n s , a n d m e n t i o n e d o b s e r v a t i o n of n u m e r ­
ous o t h e r l i n e s in the r e g i o n f r o m 8500 to 27, 500 m e g a c y c l e s . A p l a n a r 
m o l e c u l a r f o r m wi th oxygen a t o m s s i t u a t e d s y m m e t r i c a l l y wi th r e s p e c t 
to the a x i s of l e a s t m o m e n t of i n e r t i a w a s e s t a b l i s h e d c o n c l u s i v e l y by 
the a b s e n c e of t r a n s i t i o n s invo lv ing e n e r g y l e v e l s a n t i s y m m e t r i c wi th 
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r e s p e c t to IT - ro ta t ion about t ha t a x i s . F r o m the i n f r a r e d da ta i t w a s 
i n f e r r e d t h a t t he m o l e c u l e i s Y - s h a p e d . R o t a t i o n a l c o n s t a n t s w e r e 
r e p o r t e d to be A = 13 , 0 1 2 Mc , B = 5, 1 6 4 . 7 Mc , C = 3 , 7 3 0 . 5 M c . T h e s e 
v a l u e s a r e i n a c c u r a t e ; i t a p p e a r s tha t t h e y w e r e d e t e r m i n e d f r o m the 
t h r e e r e p o r t e d t r a n s i t i o n s a l o n e , wh ich a l l ow a l a t i t u d e of s e v e r a l h u n ­
d r e d m e g a c y c l e s in t he cho i ce of the c o n s t a n t A. 
E a r l y r e s u l t s of the p r e s e n t i n v e s t i g a t i o n w e r e r e p o r t e d in 1956 
(21 ) . The q u a d r u p o l e coup l ing c o n s t a n t s X A A = - 9 4 . 7 Mc, X ^ = 5 2 . 2 Mc, 
X = 4 2 . 5 Mc, ( N O ^ C l 3 5 ) , and X = - 7 4 . 6 Mc, X , , = 4 1 . 1 Mc, X 
cc & a a DD cc 
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3 3 . 5 Mc (NO^Cl ), w e r e d e t e r m i n e d by s t a t i s t i c a l f i t t ing of the t h r e e 
J: 2 -» 3 t r a n s i t i o n s of e a c h i s o t o p e . They p r e d i c t e d a c c u r a t e l y the o b ­
s e r v e d s p l i t t i n g s of the J: 3 -+ 4 t r a n s i t i o n s a l s o . The i n a d e q u a c y of the 
m i c r o w a v e da ta for d e t e r m i n i n g r o t a t i o n a l c o n s t a n t s w a s p o i n t e d out, 
a n d i t w a s p r o p o s e d t h a t the p l a n a r - r o t o r a p p r o x i m a t i o n I c - I a - 1^ = 0 
be i m p o s e d a s a n a d d i t i o n a l r e s t r i c t i o n . A 1957 r e p o r t (22) c o v e r i n g 
the g o v e r n m e n t - s u p p o r t e d p h a s e of the s tudy gave the fol lowing r o t a ­
t i ona l c o n s t a n t s , d e t e r m i n e d in t h a t m a n n e r : A = 1 3 , 2 5 0 Mc , B = 
5 1 7 3 . 8 Mc , C = 3 7 2 1 . 1 Mc ( N O z C l 3 5 ) , a n d A = 13 , 2 5 0 Mc, B = 
5 , 0 1 9 . 0 Mc, C = 3 , 6 4 0 . 4 Mc ( N O z C l 3 7 ) . F r o m t h e s e c o n s t a n t s the 
m o l e c u l a r d i m e n s i o n s d(N-O) = 1 . 2 1 A, d (N-Cl ) = 1 . 8 3 A, L ONO = 
1 2 9 . 5° w e r e c a l c u l a t e d . A n a l y s i s of the S t a r k effect of the J T : 2^ -> 3Q 
3 5 
t r a n s i t i o n of NO^Cl e s t a b l i s h e d a d ipo le m o m e n t of 0 . 53 d e b y e . 
In 1958 Mi l l en a n d S innot t r e p o r t e d t h e i r w o r k in g r e a t e r d e t a i l 
( 2 3 ) . R o t a t i o n a l c o n s t a n t s w e r e g iven a s A = 13 , 2 3 9 . 96. Mc, B = 
The n a t u r e of t h i s e x c l u s i o n i s d i s c u s s e d in Append ix A. 
10 
5, 173. 78 Mc , C = 3, 7 2 1 . 37 Mc ( N 0 2 C 1 3 5 ) , and A = 13, 240 . 0 Mc, B = 
5 , 0 1 9 . 0 0 Mc , C = 3 , 6 4 0 . 4 9 Mc ( N 0 2 C 1 3 ? ) . The r e v i s i o n w a s a t t r i b u t e d 
3 5 to t h e i r i den t i f i c a t i on of the J • 6
 0 -* 6 _ t r a n s i t i o n of NO-,Cl a t T —3 —2 2 
a p p r o x i m a t e l y 9 , 9 7 5 M c . H o w e v e r , th i s t r a n s i t i o n s t i l l a l lows a 
l a t i t u d e of s e v e r a l t e n s of m e g a c y c l e s in the c h o i c e of the c o n s t a n t A; 
the p l a n a r r o t o r r e s t r i c t i o n s e e m s p r e f e r a b l e . M o l e c u l a r d i m e n s i o n s 
and q u a d r u p o l e coupl ing c o n s t a n t s w e r e a l s o r e p o r t e d ; t hey a r e in g e n ­
e r a l a g r e e m e n t wi th t h o s e found in the p r e s e n t s tudy , bu t h e r e a l s o a 
d i f f e r ence of op in ion e x i s t s a s to the n u m b e r of s ign i f i can t f i g u r e s j u s t ­
i f iab ly r e t a i n e d in the r e s u l t . A d ipole m o m e n t of 0 . 4 2 ± 0 . 0 1 debye w a s 
s u r m i s e d f r o m a p p l i c a t i o n of w e a k - f i e l d t h e o r y to the S t a r k effect of the 
3 5 
Jj . : 0 -» 1 t r a n s i t i o n of N 0 2 C 1 . Th i s r e s u l t a p p e a r s e r r o n e o u s ; i t 
was o b t a i n e d f r o m a s ing le S t a r k l i n e , c o n s i s t i n g of two u n r e s o l v e d 
c o m p o n e n t s , w h o s e m a x i m u m d i s p l a c e m e n t f r o m i t s p a r e n t l ine w a s 
2 . 9 M c . The m e a s u r e d d i s p l a c e m e n t s r e p o r t e d do not exh ib i t the q u a d ­
r a t i c d e p e n d e n c e upon the f i e ld s t r e n g t h r e q u i r e d by the t h e o r y e m p l o y e d . 
A m o r e n e a r l y c o m p l e t e a c c o u n t of the p r e s e n t w o r k w a s g iven 
in 1959 (24) . F i n a l v a l u e s of the q u a d r u p o l e coup l ing c o n s t a n t s w e r e 
X = - 9 4 . 7 0 Mc , Xuu = 5 2 . 4 Mc, X = 4 2 . 3 Mc ( N C U C 1 3 5 ) , and aa bb c c £ 
X = - 7 4 . 5 8 Mc, X , , = 4 1 . 3 Mc , X = 3 3 . 3 Mc ( N O ^ C l 3 7 ) . O t h e r 
a a b b c c ^ 
c o n s t a n t s w e r e the s a m e as t h o s e r e p o r t e d e a r l i e r . T r a n s i t i o n s a t t r i ­
b u t e d to m o l e c u l e s in an e x c i t e d v i b r a t i o n s t a t e w e r e d i s c u s s e d b r i e f l y . 
F e a t u r e s of the N - C l bond w e r e p o i n t e d out t h a t m i g h t m a k e i t of i n t e r e s t 
to t h o s e c o n c e r n e d wi th o v e r l a p ef fec ts in m o l e c u l a r bond t h e o r y . 
C H A P T E R II 
I N S T R U M E N T A T I O N AND E Q U I P M E N T 
F i g u r e 1 shows a b lock d i a g r a m of the S t a r k - m o d u l a t i o n s p e c ­
t r o g r a p h u s e d for o b s e r v a t i o n and m e a s u r e m e n t of a b s o r p t i o n l i n e s . 
It i s s i m i l a r to one d e s c r i b e d by Hughes and Wi l son (25) . 
M i c r o w a v e e n e r g y f r o m a k l y s t r o n s i g n a l s o u r c e i s d i r e c t e d 
t h r o u g h a w a v e g u i d e a b s o r p t i o n c e l l , c o o l e d by d r y i c e and f i l l ed wi th 
the s a m p l e gas u n d e r low p r e s s u r e . An 8 5 - k i l o c y c l e s q u a r e - w a v e 
v o l t a g e , a p p l i e d to a f la t s t r i p e l e c t r o d e c e n t e r e d wi th in the w a v e g u i d e , 
p r o d u c e s an e l e c t r i c f ie ld p a r a l l e l to tha t of the m i c r o w a v e r a d i a t i o n . 
The a l t e r n a t e p r e s e n c e and a b s e n c e of S t a r k s p l i t t i n g c a u s e s i n t e n s i t y 
m o d u l a t i o n of the a b s o r p t i o n wh ich o c c u r s when the k l y s t r o n f r e q u e n c y 
c o i n c i d e s wi th tha t of a m o l e c u l a r t r a n s i t i o n . T h i s m o d u l a t i o n i s d e ­
t e c t e d by a c r y s t a l diode m o u n t e d a t the end of the a b s o r p t i o n c e l l . 
Af ter a m p l i f i c a t i o n i t i s a p p l i e d to a p h a s e - s e n s i t i v e s e c o n d d e t e c t o r , 
w h e r e i t s p h a s e i s c o m p a r e d wi th t ha t of the s q u a r e - w a v e v o l t a g e . 
A b s o r p t i o n s wh ich o c c u r d u r i n g the f i e l d - o n h a l f - p e r i o d p r o d u c e a n e g a ­
t ive output s i g n a l , whi le t h o s e o c c u r r i n g d u r i n g the f ie ld-off i n t e r v a l 
p r o d u c e a p o s i t i v e output ; the S t a r k s p e c t r u m i s thus d i s t i n g u i s h e d f r o m 
the u n p e r t u r b e d s p e c t r u m . 
A b s o r p t i o n l i n e s m a y be d i s p l a y e d e i t h e r by s w e e p i n g the k l y s t r o n 
f r e q u e n c y e l e c t r i c a l l y and v i ewing the d e t e c t o r output on an o s c i l l o s c o p e , 
o r by tuning the k l y s t r o n s lowly wi th an e l e c t r i c m o t o r whi l e r e c o r d i n g the 
output s i g n a l on a r e c o r d i n g m i l l i a m m e t e r . 
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F o r m e a s u r e m e n t of a b s o r p t i o n l ine f r e q u e n c i e s , m a r k e r s i g n a l s 
a r e g e n e r a t e d a t 30 Mc i n t e r v a l s t h r o u g h o u t the m i c r o w a v e r e g i o n by a 
c r y s t a l - c o n t r o l l e d f r e q u e n c y s t a n d a r d ; the f r e q u e n c y s e p a r a t i o n b e t w e e n 
the k l y s t r o n s igna l and a n e a r b y m a r k e r i s d e t e r m i n e d by a c a l i b r a t e d 
c o m m u n i c a t i o n s r e c e i v e r . 
I m p o r t a n t c o m p o n e n t s of t he m i c r o w a v e s p e c t r o g r a p h a r e d i s ­
c u s s e d in g r e a t e r de t a i l in the fol lowing s e c t i o n s . 
A b s o r p t i o n c e l l and v a c u u m s y s t e m . — T h e a b s o r p t i o n c e l l c o n s i s t s of a 
s e v e n t e e n - f o o t s e c t i o n of X - b a n d w a v e g u i d e , s e a l e d a t e a c h end by m i c a 
windows and c o n n e c t e d to the g l a s s tubing of the v a c u u m s y s t e m t h r o u g h 
sy lphon b e l l o w s c o u p l i n g s . A wooden t r o u g h s u r r o u n d i n g t he c e l l i s 
f i l l ed wi th d r y i ce for coo l ing . 
Gas i s a d m i t t e d c o n t i n u o u s l y a t the d e t e c t o r end of t he ce l l 
t h r o u g h t he p r e s s u r e - r e d u c i n g c a p i l l a r y c o n s t r i c t i o n shown in F i g u r e 2 . 
An o i l -d i f fus ion p u m p a t the o t h e r end m a i n t a i n s a c o n s t a n t low p r e s s u r e , 
wh ich c a n be v a r i e d o v e r the r a n g e f r o m abou t four to fifty m i c r o n s by 
ad jus t ing the depth of i m m e r s i o n of the l i que f i ed gas s a m p l e in the 
coo l ing b a t h . 
The S t a r k f ie ld e l e c t r o d e i s s u p p o r t e d wi th in the w a v e g u i d e by 
g r o o v e d tef lon s t r i p s a t i t s e d g e s . T h e ef fec t ive s p a c i n g b e t w e e n the 
e l e c t r o d e and the w a l l s of the gu ide , a s d e t e r m i n e d by m e a s u r e m e n t s 
of the S t a r k effect in c a r b o n y l su l f ide , i s 0 . 4 6 7 c e n t i m e t e r s . 
8 5 - k i l o c y c l e a m p l i f i e r s and d e t e c t o r . — T h e a b s o r p t i o n m o d u l a t i o n s i gna l 
i s app l i ed to a c a s c o d e p r e a m p l i f i e r d e v e l o p e d by Good (26), fo l lowed by 
a t uned l o c k - i n a m p l i f i e r d e s i g n e d by W i l l i a m s and d e s c r i b e d by G o r d y , 
et^aL (27) . The p h a s e - s e n s i t i v e d e t e c t o r in the l a t t e r i n s t r u m e n t h a s 
14 
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F i g u r e 2. A p p a r a t u s for Admi t t ing Gas in to the Ce l l a t a 
C o n t r o l l e d P r e s s u r e . 
15 
b e e n r e p l a c e d by the c i r c u i t shown in F i g u r e 3, wh ich p r o v i d e s g r e a t e r 
s e n s i t i v i t y and s t a b i l i t y . 
S p e c t r u m d i s p l a y s y s t e m . — L i n e s of m o d e r a t e i n t e n s i t y a r e m o s t c o n ­
v e n i e n t l y o b s e r v e d by app ly ing the output of the p h a s e - s e n s i t i v e d e t e c t o r 
to the v e r t i c a l de f lec t ion a m p l i f i e r of an o s c i l l o s c o p e , whi le s w e e p i n g 
the k l y s t r o n f r e q u e n c y wi th a s a m p l e of the o s c i l l o s c o p e sawtoo th w a v e ­
f o r m a p p l i e d to the r e p e l l e r e l e c t r o d e . F o r w e a k e r l i n e s the s i g n a l - t o -
n o i s e r a t i o c a n be g r e a t l y e n h a n c e d by u s ing an e x t e r n a l c a p a c i t o r to 
i n c r e a s e the t i m e - c o n s t a n t of the d e t e c t o r f i l t e r and s w e e p i n g v e r y 
s l o w l y . H o w e v e r , the ex t en t to wh ich th i s p r o c e d u r e can be p r e s s e d 
i s l i m i t e d by the p e r s i s t e n c e of t he p h o s p h o r s c r e e n . W h e r e g r e a t e s t 
s e n s i t i v i t y i s r e q u i r e d the output of the d e t e c t o r i s r e c o r d e d on an 
E s t e r l i n e - A n g u s g r a p h i c m i l l i a m m e t e r whi le the k l y s t r o n i s s lowly 
t uned m e c h a n i c a l l y by an e l e c t r i c m o t o r d r i v e . F i l t e r t i m e - c o n s t a n t s 
on the o r d e r of s e v e r a l s e c o n d s c a n t hen be u s e d . 
F r e q u e n c y m e a s u r e m e n t e q u i p m e n t . — F r e q u e n c y m e a s u r e m e n t s a r e 
m a d e in a m a n n e r s i m i l a r to tha t d e s c r i b e d by U n t e r b e r g e r and S m i t h 
(28) . The m i c r o w a v e f r e q u e n c y s t a n d a r d e m p l o y s a 5 .0 m e g a c y c l e 
c r y s t a l - c o n t r o l l e d o s c i l l a t o r , fo l lowed by v a c u u m tube m u l t i p l i e r s wh ich 
g e n e r a t e h a r m o n i c f r e q u e n c i e s of 30, 90, 270 , 540, 1080, and 2160 M c . 
A m i x t u r e of t h e s e f r e q u e n c i e s i s a p p l i e d t h r o u g h a c o a x i a l c a b l e to a 
1N26 m u l t i p l i e r - m i x e r d iode m o u n t e d in a w a v e g u i d e c r y s t a l h o l d e r , 
p r o d u c i n g s t a n d a r d m a r k e r s i g n a l s a t 3 0 - m e g a c y c l e i n t e r v a l s t h r o u g h o u t 
the m i c r o w a v e r e g i o n . A s a m p l e of the k l y s t r o n s i g n a l , i m p r e s s e d 
a c r o s s the c r y s t a l t h r o u g h the w a v e g u i d e , h e t e r o d y n e s wi th the m a r k e r 
s i g n a l s . A h e t e r o d y n e c o m p o n e n t in the f r e q u e n c y r a n g e 15 to 30 Mc , 
rH80V 
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r e c o v e r e d f r o m the c o a x i a l c r y s t a l t e r m i n a l t h r o u g h a s m a l l i s o l a t i n g 
i n d u c t a n c e , i s d e t e c t e d and m e a s u r e d wi th a c a l i b r a t e d N a t i o n a l HRO 
Sixty c o m m u n i c a t i o n s r e c e i v e r . The p a r t i c u l a r m a r k e r i nvo lved i s 
iden t i f i ed by m e a s u r i n g the k l y s t r o n f r e q u e n c y a p p r o x i m a t e l y wi th an 
a b s o r p t i o n - t y p e c a v i t y w a v e m e t e r . If n e c e s s a r y for p o s i t i v e i d e n t i f i ­
c a t i on , the 3 0 - m e g a c y c l e s t a n d a r d f r e q u e n c y m a y be s w i t c h e d off to 
i n c r e a s e the m a r k e r s p a c i n g to 90 m e g a c y c l e s . 
M e a s u r e m e n t of the f r e q u e n c y of a l ine d i s p l a y e d on the o s c i l l o ­
s cope i s a c c o m p l i s h e d by s u p e r i m p o s i n g the aud io output s i g n a l of t he 
r e c e i v e r upon the d e t e c t o r s i g n a l a t the o s c i l l o s c o p e t e r m i n a l s . When 
the h e t e r o d y n e s i g n a l s w e e p s t h r o u g h the p a s s b a n d of the r e c e i v e r a 
s h a r p sp ike a p p e a r s on the o s c i l l o s c o p e t r a c e . The r e c e i v e r tuning i s 
a d j u s t e d so tha t the s p i k e o c c u r s a t the p e a k of the a b s o r p t i o n and the 
h e t e r o d y n e f r e q u e n c y i s no t ed f r o m the r e c e i v e r c a l i b r a t i o n c h a r t . In 
t h i s o p e r a t i o n the s l i gh t t i m e de lay s u f f e r e d by the a b s o r p t i o n l ine in the 
d e t e c t o r output f i l t e r c a u s e s a s m a l l d i s p l a c e m e n t of the l ine p e a k f r o m 
i t s t r u e p o s i t i o n ; c o n s e q u e n t l y , a s w i t c h i s p r o v i d e d to i n v e r t the s a w ­
tooth s w e e p w a v e f o r m so t ha t the a b s o r p t i o n i s t r a v e r s e d f r o m the 
o p p o s i t e d i r e c t i o n . The a p p a r e n t d i s p l a c e m e n t of the l ine i s then of the 
s a m e m a g n i t u d e bu t o p p o s i t e in s i g n . The a v e r a g e of t e n o r m o r e 
m e a s u r e m e n t s m a d e for a l t e r n a t e s w e e p d i r e c t i o n s i s r e c o r d e d a s the 
f r e q u e n c y s e p a r a t i o n b e t w e e n l ine and m a r k e r . 
S p e c t r u m r e c o r d i n g s m a d e on the g r a p h i c m i l l i a m m e t e r c a n be 
c a l i b r a t e d by a c t u a t i n g a r e l a y - o p e r a t e d m a r k i n g pen at o n e - m e g a c y c l e 
i n t e r v a l s . The o p e r a t o r t u n e s the r e c e i v e r m a n u a l l y to s u c c e s s i v e 
18 
i n t e g r a l - m e g a c y c l e f r e q u e n c i e s and d e p r e s s e s the pen s w i t c h when he 
h e a r s the h e t e r o d y n e s i gna l in the m o n i t o r l o u d s p e a k e r . The p r i m a r y 
u s e of such c a l i b r a t e d r e c o r d i n g s i s in the m e a s u r e m e n t of S t a r k s p e c t r a . 
S q u a r e wave g e n e r a t o r . — T h e 8 5 - k i l o c y c l e s q u a r e wave g e n e r a t o r is one 
c o n s t r u c t e d by Mau ld in (29) fol lowing the c i r c u i t d e s i g n of H e d r i c k and 
W i l l i a m s (30) . It i s c a p a b l e of deve lop ing a w a v e f o r m a m p l i t u d e of up 
to 1000 vo l t s a c r o s s a S t a r k c e l l and c a b l e c a p a c i t y of about 1800 jujLlf. 
To f a c i l i t a t e a c c u r a t e m e a s u r e m e n t of S t a r k v o l t a g e s , the 
w a v e f o r m c l a m p i n g c i r c u i t of t h i s i n s t r u m e n t h a s b e e n m o d i f i e d to tha t 
shown in F i g u r e 4 . It c o n s i s t s of a type 8020 c l a m p i n g d iode , a r e g u l a ­
t e d p o w e r supp ly d e l i v e r i n g a v a r i a b l e r e f e r e n c e v o l t a g e , a p r e c i s i o n 
v o l t m e t e r , and a m o n i t o r o s c i l l o s c o p e w h o s e v e r t i c a l de f l ec t ion p l a t e s 
a r e c o n n e c t e d d i r e c t l y a c r o s s the S t a r k c e l l . The d iode c l a m p s the 
p o s i t i v e e x c u r s i o n of the s q u a r e w a v e to a p o t e n t i a l s u b s t a n t i a l l y equa l 
to t h a t of i t s c a t h o d e . In n o r m a l o p e r a t i o n the c a t h o d e is r e t u r n e d to a 
s m a l l p o t e n t i a l , a d j u s t a b l e about g r o u n d by m e a n s of the Z E R O p o t e n ­
t i o m e t e r , wh ich c a n c e l s a s l i gh t p o t e n t i a l d i f f e r e n c e b e t w e e n the d iode 
e l e c t r o d e s . The c o n t r o l i s a d j u s t e d so t ha t t he top of the s q u a r e w a v e 
c o i n c i d e s wi th a h o r i z o n t a l r u l i ng on the o s c i l l o s c o p e s c r e e n w h i c h r e ­
p r e s e n t s g r o u n d p o t e n t i a l , the p o s i t i o n of the t r a c e wi th the d e f l e c t i o n 
p l a t e s s h o r t e d . F o r m e a s u r e m e n t of the w a v e f o r m a m p l i t u d e the re f ­
e r e n c e v o l t a g e s o u r c e i s c o n n e c t e d in s e r i e s wi th the c a t h o d e r e t u r n 
c i r c u i t . The m a g n i t u d e of the r e f e r e n c e v o l t a g e i s a d j u s t e d to shif t the 
p o s i t i o n of the w a v e f o r m u p w a r d on the o s c i l l o s c o p e s c r e e n so t ha t i t s 
n e g a t i v e e x c u r s i o n c o i n c i d e s wi th the g r o u n d - p o t e n t i a l r u l i n g . The 
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S Q U A R E - W A V E 
F R O M O U T P U T 
STAGE 0.1 TO C E L L 
O 6 
TO UNCLAMPING 
P U S H B U T T O N 
CIRCUIT 8020 
5M 
TO DRIVER STAGE 
P L A T E V O L T A G E 
S U P P L Y ( 0 - + 1 5 0 0 V) 
V A R I A B L E 
R E F E R E N C E 
V O L T A G E 
S U P P L Y 
F i g u r e 4 . D i a g r a m of W a v e f o r m C l a m p i n g C i r c u i t for 
S q u a r e - W a v e G e n e r a t o r . 
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w a v e f o r m a m p l i t u d e i s then equa l to the r e f e r e n c e v o l t a g e , a s i n d i c a t e d by 
the p r e c i s i o n v o l t m e t e r . 
A p u s h b u t t o n - o p e r a t e d r e l a y to d i s c o n n e c t t he c l a m p i n g c i r c u i t 
i s r e t a i n e d f r o m the W i l l i a m s d e s i g n . By a l lowing the s q u a r e wave to 
b e c o m e b a l a n c e d abou t g r o u n d , i t r e m o v e s the S t a r k m o d u l a t i o n of 
a b s o r p t i o n l i n e s wi thout chang ing the w a v e f o r m a m p l i t u d e . T h i s a r ­
r a n g e m e n t i s helpful in d i s t i n g u i s h i n g a w e a k l ine f r o m b a c k g r o u n d n o i s e 
and s t r a y p i ckup of the s q u a r e - w a v e s i g n a l ; o p e r a t i o n of the r e l a y c a u s e s 
a l ine to d i s a p p e a r whi le the n o i s e r e m a i n s the s a m e . 
C H A P T E R III 
E X P E R I M E N T A L P R O C E D U R E AND OBSERVED S P E C T R U M 
S a m p l e p r e p a r a t i o n . — N i t r y l c h l o r i d e w a s p r e p a r e d t h r o u g h the r e a c ­
t ion of c h l o r o s u l f o n i c a c i d and a n h y d r o u s n i t r i c a c id , a s in the 
D a c h l a u e r p r o c e s s (13 ) . A m i x t u r e of f r e s h l y d i s t i l l e d n i t r i c a c i d and an 
equa l a m o u n t of fuming su l fu r i c a c i d w a s a d d e d d r o p w i s e to d i s t i l l e d 
c h l o r o s u l f o n i c a c i d in a f l a sk coo led by an i c e b a t h . The n i t r y l c h l o r i d e 
ga s e v o l v e d w a s c o l l e c t e d in a r e c e i v e r c o o l e d by d r y i ce in a l c o h o l . A 
s i m i l a r p r o c e d u r e i s d e s c r i b e d in de t a i l by S c h e c h t e r , e t a l . ( 3 1 ) . 
The s a m p l e , a pa l e y e l l o w l iqu id , w a s a l l o w e d to d i s t i l l in to a 
p r e v i o u s l y e v a c u a t e d s a m p l e h o l d e r ( F i g u r e 2) i m m e r s e d in l iqu id n i t r o ­
gen . Af ter the t r a n s f e r w a s c o m p l e t e r e s i d u a l a i r w a s p u m p e d away 
f r o m the f r o z e n s a m p l e . The h o l d e r w a s s t o r e d in a d r y i c e - a c e t o n e 
b a t h . 
S p e c t r u m o b s e r v a t i o n and m e a s u r e m e n t . — S e a r c h e s of the r e g i o n 2 5 , 000 
to 4 1 , 000 Mc w e r e m a d e a t P i r a n i - g a u g e p r e s s u r e s on the o r d e r of 
50 m i c r o n s , wi th the c e l l c o o l e d by d r y i c e . The o s c i l l o s c o p e s p e c t r u m 
d i s p l a y w a s u s e d . T h i r t e e n g r o u p s of l i n e s w e r e o b s e r v e d , i den t i f i ed 
by the m e t h o d s d i s c u s s e d in the nex t c h a p t e r a s the 2 ^ -* 3 y 2^ ~*^Q> 
2., - » 3 J , 3 ^ ~~*4_4' 3Q ~*^_I> and 3^ —> 4Q t r a n s i t i o n s of the i s o t o p i c 
3 5 3 1 3 7 
s p e c i e s NO^Cl and NO^Cl , and the 4_^ -> 5_,_ t r a n s i t i o n of NO^Cl 
T h e s e t r a n s i t i o n s exh ib i t q u a d r u p o l e - i n t e r a c t i o n h y p e r f i n e s t r u c t u r e 
due to the c h l o r i n e n u c l e u s only; s p l i t t i n g s due to the n i t r o g e n n u c l e u s 
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w e r e too s m a l l to r e s o l v e . E a c h t r a n s i t i o n h a s four s t r o n g p r i n c i p a l 
l i n e s , and s e v e r a l have t h r e e add i t i ona l weak l i n e s . The m e a s u r e d 
f r e q u e n c i e s of 65 l i n e s a r e l i s t e d in Appendix D. 
F r e q u e n c y m e a s u r e m e n t s w e r e m a d e a t p r e s s u r e s of 4 to 15 
m i c r o n s , u s ing the o s c i l l o s c o p e d i s p l a y s y s t e m . L ine wid ths w e r e a p ­
p r o x i m a t e l y 4 . 0 Mc b e t w e e n the h a l f - a m p l i t u d e p o i n t s . W h e r e f r e ­
q u e n c i e s a r e l i s t e d to 0. 01 Mc, i t i s e s t i m a t e d tha t m e a s u r e m e n t e r ­
r o r s s e l d o m e x c e e d 0 . 0 5 Mc and a r e m o r e often a r o u n d 0 . 0 2 M c . 
W h e r e diff icul ty w a s e n c o u n t e r e d in r e s o l v i n g weak l i n e s f r o m n o i s e o r 
f r o m a d j a c e n t s t r o n g l i n e s , f r e q u e n c i e s a r e l i s t e d to 0. 1 M c . 
S e n s i t i v i t y to S t a r k - e f f e c t sp l i t t i ng v a r i e s m a r k e d l y a m o n g t r a n s ­
i t i o n s . T r a n s i t i o n s invo lv ing the 2^ and 2_> l e v e l s exh ib i t the g r e a t e s t 
s e n s i t i v i t y ; e l e c t r i c f i e lds of 200 to 300 v o l t s c m a r e suf f ic ient to 
c a u s e c o m p l e t e d i s p l a c e m e n t of a l l S t a r k c o m p o n e n t s f r o m t h e i r p a r e n t 
l i n e s . The 3^ -* 4 ^ and 3 ^  —• 4 Q t r a n s i t i o n s a r e i n t e r m e d i a t e in s e n s i ­
t iv i ty ; t hey show sp l i t t i ng a t l e s s than 200 v o l t s / c m , y e t r e s o l u t i o n of 
c o m p o n e n t s i s not c o m p l e t e at 1500 v o l t s / c m . The r e m a i n i n g t r a n s i ­
t i o n s a r e qu i te i n s e n s i t i v e , r e q u i r i n g f i e lds of a r o u n d 1500 v o l t s / c m to 
p r o d u c e suf f ic ien t sp l i t t i ng for o b s e r v a t i o n and a c c u r a t e m e a s u r e m e n t 
of t h e i r l i n e s . C a l i b r a t e d r e c o r d i n g s w e r e m a d e of the 2^ -» 3 Q t r a n s i -
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t ion of NO-pCl for the S t a r k - e f f e c t a n a l y s i s p r e s e n t e d in t he nex t c h a p t e 
In add i t ion to the s t r o n g a b s o r p t i o n l i n e s of the p r i m a r y s p e c t r u m 
a c a r e f u l s e a r c h wi th the r e c o r d i n g m i l l i a m m e t e r d i s c l o s e d e ight g r o u p s 
of w e a k e r l i n e s . T h e s e l i n e s , a t t r i b u t e d to a b s o r p t i o n s by m o l e c u l e s in 
an e x c i t e d v i b r a t i o n s t a t e , a r e l i s t e d and d i s c u s s e d in Appendix E . 
C H A P T E R IV 
ANALYSIS O F THE S P E C T R U M 
T h e o r e t i c a l w o r k upon which the fol lowing a n a l y s i s i s b a s e d h a s 
b e e n r e v i e w e d b r i e f l y in C h a p t e r I . R e s u l t s of t h e o r y and m e t h o d s of 
a p p l i c a t i o n a r e p r e s e n t e d in g r e a t e r de ta i l in Append ix A (pu re r o t a t i o n a l 
s p e c t r a ) , Appendix B (hyper f ine s t r u c t u r e ) , and Appendix C (S ta rk effect ) , 
to which the r e a d e r m a y r e f e r a s n e c e s s a r y . 
P u r e r o t a t i o n a l s p e c t r u m ; r o t a t i o n a l c o n s t a n t s . — T o f a c i l i t a t e i d e n t i f i ­
c a t i o n of l i n e s o b s e r v e d in a p r e l i m i n a r y s e a r c h of the r e g i o n f r o m 
25, 000 to 30, 000 m e g a c y c l e s , a p r e d i c t e d s p e c t r u m was f i r s t c o m p i l e d 
f r o m r o t a t i o n a l c o n s t a n t s e s t i m a t e d for an a s s u m e d Y - s h a p e d p l a n a r 
s t r u c t u r e wi th i n t e r n u c l e a r d i s t a n c e s c o m p a r a b l e to t h o s e found in o t h e r 
c o m p o u n d s . The o b s e r v e d l i n e s fel l in a p a t t e r n r e s e m b l i n g t h a t p r e d i c ­
t e d for the J: 2 -* 3 t r a n s i t i o n s , but t h e i r f r e q u e n c i e s w e r e r o u g h l y 1000 Mc 
l o w e r t h a n p r e d i c t e d . B e f o r e suf f ic ien t da t a h a d b e e n g a t h e r e d to p e r ­
m i t an a d j u s t m e n t of r o t a t i o n a l c o n s t a n t s , Mi l l en and Sinnot t r e p o r t e d (in 
3 5 3 5 
1955) the v a l u e s l i s t e d on page 9 for NO^Cl . A r e v i s e d NO^Cl s p e c ­
t r u m c a l c u l a t e d f r o m t h e s e c o n s t a n t s w a s found to be in qu i te a c c u r a t e 
a g r e e m e n t wi th e x p e r i m e n t , p e r m i t t i n g r e a d y i d e n t i f i c a t i o n of the 
J: 3 -* 4 t r a n s i t i o n s s u b s e q u e n t l y o b s e r v e d . 
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An i m p r o v e d p r e d i c t i o n of the NO^Cl s p e c t r u m w a s o b t a i n e d 
3 5 
by u s ing the NO^Cl c o n s t a n t s to r e f ine the a s s u m e d m o l e c u l a r s t r u c ­
t u r e . E s t i m a t e s of d(N - O) = 1. 22 A and J_{ONO) = 127. 5 d e g r e e s w e r e 
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c o n s i d e r e d r e l i a b l e b e c a u s e they a r e c l o s e to the c o r r e s p o n d i n g d i m e n ­
s ions in CH^NO^ (32) and in o t h e r c o m p o u n d s ; the g r e a t e s t u n c e r t a i n t y 
w a s in the N - C l d i s t a n c e . The a s s u m e d c o n f i g u r a t i o n of the O - N - O 
g r o u p w a s t h e r e f o r e r e t a i n e d , and the v a l u e d(N-Cl) = 1.81 A w a s c a l -
35 2 
c u l a t e d f r o m equa t ion 9, u s ing 1^ = 9 7 . 8 8 2 a m u A f r o m Mi l l en and 
37 
Sinnot t (20) . Subs t i t u t i on of the CI n u c l e a r m a s s in the r e s u l t i n g 
37 37 
s t r u c t u r e gave the r o t a t i o n a l c o n s t a n t s A = 1 3 , 012 Mc, B = 
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5 , 0 1 0 . 5 Mc, and C = 3 , 6 4 9 . 5 M c . G r o u p - c e n t e r (pu re r o t a t i o n a l ) 
f r e q u e n c i e s of the J: 2 -* 3 and J: 3 -* 4 t r a n s i t i o n s c a l c u l a t e d f r o m 
t h e s e c o n s t a n t s w e r e wi th in e igh t m e g a c y c l e s of the m e a s u r e d f r e q u e n ­
c i e s . 
The d e t e r m i n a t i o n of r o t a t i o n a l c o n s t a n t s w a s r e - e x a m i n e d 
a f t e r t r e a t m e n t of the h y p e r f i n e s p l i t t i n g h a d p e r m i t t e d a c c u r a t e e v a l u ­
a t i on of g r o u p - c e n t e r f r e q u e n c i e s for a l l J: 2 -* 3 and J: 3 -* 4 t r a n s i ­
t i o n s . T h e s e " m e a s u r e d g r o u p - c e n t e r f r e q u e n c i e s " a r e l i s t e d in A p p e n ­
dix D; t hey w e r e o b t a i n e d by s u b t r a c t i n g the c a l c u l a t e d q u a d r u p o l e -
i n t e r a c t i o n shif t of e a c h h y p e r f i n e c o m p o n e n t f r o m i t s m e a s u r e d f r e ­
q u e n c y and a v e r a g i n g . R e l a t i o n s h i p s b e t w e e n t r a n s i t i o n f r e q u e n c i e s 
and r o t a t i o n a l c o n s t a n t s c a n be e s t a b l i s h e d f r o m the e x p r e s s i o n s g iven 
by G o r d y , Smi th , and T r a m b a r u l o (33) for l o w - J r o t a t i o n a l e n e r g i e s 
a s e x p l i c i t func t ions of A, B , and C . T h e s e e x p r e s s i o n s l e a d to t h o s e 
in T a b l e 1 for the f r e q u e n c i e s of p e r t i n e n t n i t r y l c h l o r i d e t r a n s i t i o n s . 
R o t a t i o n a l c o n s t a n t s c a n be o b t a i n e d by s u b s t i t u t i o n of o b s e r v e d g r o u p -
c e n t e r f r e q u e n c i e s and s i m u l t a n e o u s s o l u t i o n of a p p r o p r i a t e s e t s of the 
e q u a t i o n s . 
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Table 1. Trans i t ion Frequency Relat ions 
(a) v ( 0 Q = B + C 
2 i 
(b) v(l_l- 2 _ 2 ) = 2A + B + C - 2 [ (B - C) + (A - C)(A - B)] 2 
(c) v ( 2 _ 2 - > 3 _ 3 ) = 3(B + C) - 2 | [ 4 ( B - C ) 2 + (A - B)(A - C)]* 
- [ (B - C ) 2 + (A - B ) ( A - C ) ] 
(d) v ( 2 1 - 3 Q ) = 3(B + C) 
(e) v ( 2 2 - * 3 X ) = 3(B + C) + 2 | [ 4(B - C ) 2 + (A - B)(A - C ) ] 2 
- [ (B - C ) 2 + (A - B ) ( A - C ) ] 2 
2 1 
(f) v (3 Q - 4 _ 1 ) = 6A + B + C - 2 [ 4(B - C) + 9(A - B)(A - C ) ] 2 
26 
The e x p r e s s i o n s l i s t e d in T a b l e 1 i nc lude two l i n e a r - c o m b i n a t i o n 
i n t e r r e l a t i o n s a m o n g t r a n s i t i o n f r e q u e n c i e s which m u s t ho ld for any-
r i g i d r o t o r wi th a r b i t r a r y r o t a t i o n a l c o n s t a n t s : f r o m (a) and (d), 
v ( 2 1 - . 3 Q ) = 3 v ( 0 0 - l - 1 ) ; f r o m (c), (d), and (e), v (2_ 2 -> 3_ 3) + v(2 £ -> 3 J 
= 2v(2j — * 3Q ) . F r o m the s i x t r a n s i t i o n s one t h e r e f o r e c a n e x t r a c t only 
four s e p a r a t e c o n s t r a i n t s upon A, B , and C. The fol lowing f o r m a c o n ­
v e n i e n t s e t . F r o m (d), 
1 (B + C) = f v ( 2 1 - 3 0 ) (1) 
o r for b e t t e r s t a t i s t i c a l d a t a - s m o o t h i n g , f r o m (c) , (d), and (e), 
(B + C) = - | [ v ( 2 1 - 3 Q ) + v ( 2 _ 2 - 3_ 3) +v(2 2~> 3^] . (I') 
F r o m (b), 
(B - C) = J(ZvQ - v 1)(4A- Vj) ( 2 ) 
w h e r e v = ( B + C) 
o x 
F r o m (c) and (e) , 
(B - C) = 1 2 j . 1 j TZ + _ 6 v 2 i (4A- 2v )
2
 + 5v 2 
O Ci 
1 
! > 2 (3) 
whe r e v 2 4 [ v ( 2 2 - . 3 ^ - v < 2 _ 2 - 3 _ 3 ) ] . 
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F r o m (f), 
UAv - v , ) ( 1 2 A - 2v - v j 
IS o 3 x o 3 
(B - C) = 
where V^=V{3Q~*4 ^) 
(4) 
Any three of these equations are , in pr inc ip le , suff icient for 
a so lut ion. The fourth can be expected to be s l ight ly incons i s tent , both 
b e c a u s e of exper imenta l f r e q u e n c y - m e a s u r e m e n t e r r o r s and b e c a u s e 
the actual m o l e c u l e i s not s t r i c t l y a r ig id rotor , for which the equations 
are der ived . Centrifugal s tretching of the m o l e c u l a r f ramework 
c a u s e s it to exhibit s l ight ly different ef fect ive rotational constants in 
different rotational s ta te s (34). 
In order to effect so lut ion of these equations in a manner that 
would indicate c l e a r l y the degree of i n c o n s i s t e n c y and the s trength of 
the determinat ion of the rotational cons tants , a digital computer (Univac 
Scient i f ic 1101) was employed to tabulate n u m e r i c a l l y equations 2, 3 , 
and 4, with v = B + C i n s e r t e d f r o m equation l 1 . (Equa t ion 2 was t a b -
o 
3 5 
ulated for NO^Cl only, using v ( l
 1 2 2 ) = 17, 611 . 15 Mc f r o m the 
f requenc i e s publ ished by Mil len and Sinnott. ) It was intended to find the 
s imul taneous so lut ion of any pair of equations by noting the value of A 
for which (B - C) was the s a m e in the two corresponding tabulat ions . 
However , the tables exhibi ted no meaningful " i n t e r s e c t i o n s . " This 
re su l t i s indicated graphica l ly in F i g u r e s 5 and 6, where the functional 
cons tra in t s plot as a l m o s t - p a r a l l e l l i n e s . The s ix trans i t ions of Table 1 
therefore afford only a v e r y weak determinat ion of the rotat ional c o n ­










E q . 2 
•Eq. 5 
E q . 2: 1 ^->2 ^ T r a n s i t i o n 
E q . 3 : 2 -» 3 T r a n s i t i o n s 
E q . 4: 3 0 4 j T r a n s i t i o n 
E q . 5: 6
 2 T r a n s i t i o n _ 
E q . 7 : P l a n a r R o t o r [ 
In E a c h E q u a t i o n (B + C) is _ 
I n s e r t e d f r o m Equa t ion 1' 
( 2 - > 3 T r a n s i t i o n s ) . ~~ 
13. 1 13. 2 13 .3 13 .4 
A (kMc.) 
1 3 . 5 13 .6 
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13.7 
( B - C ) 
(kMc.) 
13 .0 13 .1 13.2 13 .3 1 3 . 4 1 3 . 5 13 .6 13 .7 
A (kMc.) 
F i g u r e 6. F u n c t i o n a l C o n s t r a i n t s upon the Ro ta t i ona l C o n s t a n t s of NO^Cl 
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suff ic ient to shif t the va lue of A a t i n t e r s e c t i o n by s e v e r a l h u n d r e d 
m e g a c y c l e s . F u r t h e r m o r e , s i n c e the f r e q u e n c i e s of the J"T: 3 -^ -»4Q and 
3 ^ ~* t r a n s i t i o n s a r e p r e d i c t e d we l l by any s e t of c o n s t a n t s ob t a ined 
f r o m the p a r a l l e l p l o t s , i t i s c l e a r t ha t t h e y c a n i m p o s e no s t r o n g a d d i ­
t iona l r e s t r i c t i o n . 
M o l e c u l a r m i c r o w a v e s p e c t r a do not u s u a l l y l e a v e s u c h a wide 
l a t i t u d e in the d e t e r m i n a t i o n of r o t a t i o n a l c o n s t a n t s . In n i t r y l c h l o r i d e , 
h o w e v e r , two t y p e s of t r a n s i t i o n s which would p r o v i d e s t r o n g add i t i ona l 
c o n s t r a i n t s a r e not o b s e r v e d . F i r s t , one half of the t r a n s i t i o n s o r d i ­
n a r i l y a s c r i b e d to an a s y m m e t r i c r o t o r a r e m i s s i n g a l t o g e t h e r b e c a u s e 
of the e x c l u s i o n , d i s c u s s e d in Appendix A, which a p p l i e s to a p l a n a r 
m o l e c u l e wi th two i d e n t i c a l nuc l e i of sp in z e r o . Only t h o s e r o t a t i o n a l 
s t a t e s a r e a l l o w e d w h o s e wave func t ions do not change s ign when the 
m o l e c u l e i s s u b j e c t e d to a i r - r o t a t i o n abou t the _a a x i s , the a x i s of the 
" Y " . Second , c e r t a i n AJ=0 or " Q - b r a n c h " t r a n s i t i o n s ( e . g . , 
2__, 3 ^ -» 3 Q ) often o b s e r v a b l e in a s y m m e t r i c - t o p m o l e c u l e s have 
n o t b e e n o b s e r v e d in n i t r y l c h l o r i d e . An i n s p e c t i o n of t a b l e s of l ine 
i n t e n s i t i e s (3 5) shows tha t s u c h t r a n s i t i o n s shou ld be qu i te w e a k b e c a u s e 
the m o l e c u l e (K ~ - 0 . 7) i s too n e a r l y a p r o l a t e s y m m e t r i c r o t o r 
(K = - 1 ) , for which the t r a n s i t i o n s a r e c o m p l e t e l y f o r b i d d e n . 
In t h e i r 1958 a r t i c l e (23), Mi l l en and Sinnot t s u p p o s e d tha t t h i s 
diff icul ty h a d b e e n o v e r c o m e by t h e i r i d e n t i f i c a t i o n of the 6 ^ -> 6 ^ 
35 
t r a n s i t i o n of NO^Cl a t a p p r o x i m a t e l y 997 5 M c . H o w e v e r , th i s i s no t 
one of the s t r o n g l y c o n s t r a i n i n g Q - b r a n c h t r a n s i t i o n s . Al though the 
r e s t r i c t i o n i m p o s e d by the t r a n s i t i o n canno t be put in c l o s e d a l g e b r a i c 
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f o r m , i t can be c a l c u l a t e d n u m e r i c a l l y f r o m equa t ion A - 8 4 (Appendix A) 
wi th the a id of t a b l e s of the r e d u c e d e n e r g y E(/c). E q u a t i o n s A-84 and 
A - 8 5 can be c o m b i n e d to give the fol lowing p a r a m e t r i c e q u a t i o n s : 
< b - c > = 2 T E ^ H 6 - 3 
6
-z> • (5) 
w h e r e AE (K ) i s the d i f f e r ence in the r e d u c e d e n e r g i e s of the two l e v e l s . 
T h e s e e q u a t i o n s w e r e e v a l u a t e d for K r a n g i n g f r o m - 0 . 6 9 0 to - 0 . 7 0 5 
by i n t e r p o l a t i o n in the r e d u c e d - e n e r g y t a b l e s of T u r n e r , H i c k s , and 
R e i t w i e s n e r (36). The r e s u l t i n g r e s t r i c t i o n i s i n c l u d e d in F i g u r e 5. 
The l a t i t u d e in A i s s t i l l s e v e r a l t e n s of m e g a c y c l e s and the r e t e n t i o n 
of s i g n i f i c a n t f i g u r e s to 0 . 0 1 Mc by Mi l l en a n d Sinnot t i s u n w a r r a n t e d . 
If the m o l e c u l e i s t r e a t e d as a r i g i d p l a n a r r o t o r , an add i t i ona l 
c o n s t r a i n t m a y be i m p o s e d for a s t r o n g e r d e t e r m i n a t i o n of the r o t a t i o n a l 
constants. The moments of inertia of such a body are related by the 
e q u a t i o n 
I - I - 1 = 0 
c a b 
wh ich r e q u i r e s 





It s hou ld be r e c o g n i z e d tha t an a p p r o x i m a t i o n i s m a d e when th i s r e s t r i c ­
t ion i s a p p l i e d to an a c t u a l m o l e c u l e , wh ich i s not s t r i c t l y r i g i d . In 
c e r t a i n p l a n a r m o l e c u l e s for wh ich a l l t h r e e m o m e n t s of i n e r t i a c a n be 
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ob t a ined f r o m t h e i r s p e c t r a , i t h a s b e e n found t ha t equa t ion 6 i s not 
s a t i s f i e d e x a c t l y (37, 38) . The a m o u n t by which I - I & - d i f fe r s f r o m 
z e r o h a s b e e n c a l l e d the " i n e r t i a l de fec t " ; i t i s a t t r i b u t e d to z e r o - p o i n t 
v i b r a t i o n s of m o l e c u l e s in t h e i r g r o u n d v i b r a t i o n a l s t a t e s . Th i s defec t 
i s qu i te s m a l l in c o m p a r i s o n to the m o m e n t s of i n e r t i a , but l ike c e n t r i ­
fugal d i s t o r t i o n i t l i m i t s the u l t i m a t e p r e c i s i o n p o s s i b l e in a r i g i d - r o t o r 
a n a l y s i s . 
P l o t s of equa t ion 7 in F i g u r e s 5 and 6 have s h a r p l y def ined i n t e r ­
s e c t i o n s wi th the p lo t s of the o t h e r equa t i ons a t A ~ 13, 250 M c . H o w e v e r , 
b e c a u s e the func t iona l c o n s t r a i n t s o b t a i n e d f r o m the s p e c t r u m do not 
co inc ide e x a c t l y , the r o t a t i o n a l c o n s t a n t s a t the po in t s of p r e c i s e i n t e r ­
s e c t i o n wi th the p l a n a r - r o t o r c o n s t r a i n t a r e s l i gh t l y d i f fe ren t for d i f f e r ­
en t t r a n s i t i o n s . One t h e r e f o r e h a s the c h o i c e of f i t t ing any one t r a n s i t i o n , 
o r of t ak ing an a v e r a g e . If e x p e r i m e n t a l f r e q u e n c y - m e a s u r e m e n t 
e r r o r s w e r e the p r i m a r y s o u r c e of i n c o n s i s t e n c y , t h e n a v e r a g i n g would 
be j u s t i f i e d . H o w e v e r , an i n s p e c t i o n of s p e c t r u m p r e d i c t i o n e r r o r s 
wi l l show p r e s e n t l y tha t t h i s can h a r d l y be so , and t h a t c e n t r i f u g a l d i s ­
t o r t i o n ef fec ts p r e d o m i n a t e . B e c a u s e an a v e r a g e o v e r s u c h ef fec ts 
would have no c l e a r l y def ined m e a n i n g , c o n s t a n t s u s e d in f u r t h e r w o r k 
w e r e o b t a i n e d f r o m the J: 2 -* 3 t r a n s i t i o n s a l o n e . T h e s e c o n s t a n t s , 
r e a d f r o m the c o m p u t e r t a b u l a t i o n s of e q u a t i o n 3, a r e l i s t e d in T a b l e 2. 
T h e y c a n be r e g a r d e d a s ef fec t ive r o t a t i o n a l c o n s t a n t s exh ib i t ed by the 
m o l e c u l e in i t s 2 —» 3 t r a n s i t i o n s , a s s u m i n g z e r o i n e r t i a l de fec t . V a l u e s 
of B and C a r e r e t a i n e d to 0 . 0 1 Mc in t h i s t a b l e to p r e s e r v e the a c c u ­
r a c y of the s u m (B + C) for l a t e r c a l c u l a t i o n s . 
3 3 
T a b l e 2 . R o t a t i o n a l C o n s t a n t s R e s u l t i n g F r o m App l i ca t ion of 
P l a n a r R o t o r R e s t r i c t i o n to J: 2 -* 3 T r a n s i t i o n s 
R o t a t i o n a l N O , C l 3 5 N O , C l 3 7 




1 3 , 2 5 0 Mc 
5, 1 7 3 . 77 
3 , 7 2 1 . 1 3 
1 3 , 2 5 0 Mc 
5, 0 1 8 . 97 
3 , 6 4 0 . 3 5 
C a l c u l a t e d p u r e r o t a t i o n a l e n e r g i e s for s t a t e s a s s o c i a t e d wi th 
o b s e r v e d t r a n s t i o n s a r e l i s t e d in T a b l e 3 . E n e r g i e s for the J = 1, 2, 3 
l e v e l s and for J^. = 4 ^ w e r e o b t a i n e d by d i r e c t s u b s t i t u t i o n of A, B , and 
C in the e x p l i c i t e n e r g y e x p r e s s i o n s g iven by G o r d y , Smi th , and 
T r a m b a r u l o ( 3 3 ) . E n e r g i e s for the 4 ^ and 4Q l e v e l s w e r e e v a l u a t e d by 
n u m e r i c a l so lu t ion of t h e i r cub ic s e c u l a r e q u a t i o n . The e n e r g y of the 
3 7 
NO^Cl 5_,- l e v e l w a s d e t e r m i n e d by t h r e e - p o i n t i n t e r p o l a t i o n in the 
r e d u c e d - e n e r g y t a b l e s of T u r n e r , H i c k s , and R e i t w i e s n e r ( 3 6 ) . An 
i n d i c a t i o n of the a d e q u a c y of s u c h i n t e r p o l a t i o n w a s o b t a i n e d by m a k i n g 
3 7 
a d d i t i o n a l c a l c u l a t i o n s of the 4 Q - l e v e l e n e r g y of NO-,Cl f r o m the 
r e d u c e d - e n e r g y t a b l e s . A t h r e e - p o i n t i n t e r p o l a t i o n l e d to a f i g u r e only 
0 . 0 0 4 Mc d i f f e r en t f r o m tha t o b t a i n e d t h r o u g h s o l u t i o n of the s e c u l a r 
equa t ion , wh i l e a s i m p l e l i n e a r i n t e r p o l a t i o n r e s u l t e d in an e r r o r 
of 0 . 5 Mc . 
The c a l c u l a t e d g r o u p - c e n t e r f r e q u e n c i e s V q i n c l u d e d in Append ix 
D a r e the d i f f e r e n c e s A E / h b e t w e e n the e n e r g i e s of the i n i t i a l and the 
r 
f inal s t a t e s in e a c h o b s e r v e d t r a n s i t i o n . The s p e c t r u m thus p r e d i c t e d 
34 
Table 3. Calculated Rotational Energy Levels 
State 
J 
Symmetry Rotational Energy 
E /h, M c 
35 r 37 
N O z C l N 0 2 C 1 
-+ 8,894.90 8,659.32 
2 2 ++ 62,073.78 61,818.41 
2 1 -+ 61, 894.90 61, 659. 32 
2
- 2 ++ 26, 505.82 25, 818. 87 
3 1 -+ 89,456.71 88,419. 13 
3 0 ++ 88,579.60 87,637.28 
3
-3 -+ 52,492.29 51, 174.07 
4 0 ++ 126,542.06 124,409.39 
4
- l -+ 124,019.55 122, 150.42 
u ++ 86,425. 59 84,333.53 
5
-5 -+ 124,936.32 
Symmetries are indicated according to the convention of 
Dennis on (61). See Appendix A. 
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i s in qu i te c l o s e a g r e e m e n t wi th e x p e r i m e n t a l m e a s u r e m e n t s ; d i f f e r ­
e n c e s b e t w e e n the c a l c u l a t e d f r e q u e n c i e s and t h o s e m e a s u r e d a r e l i s t e d 
in T a b l e 4 . T h e s e d i s c r e p a n c i e s , a l though s m a l l , a r e of s i g n i f i c a n c e 
in s p e c u l a t i o n a s to the c a u s e of the s l i gh t i n c o n s i s t e n c i e s found a m o n g 
the r o t a t i o n a l - c o n s t a n t t a b u l a t i o n s for d i f fe ren t t r a n s i t i o n s ( F i g u r e s 5 
and 6 ) . B e c a u s e the n e a r l y - p a r a l l e l p lo t s do not c o i n c i d e , the m e a s u r e d 
f r e q u e n c i e s of a l l c o r r e s p o n d i n g t r a n s i t i o n s canno t be f i t t ed p r e c i s e l y 
by any s i n g l e s e t of r o t a t i o n a l c o n s t a n t s , w h e t h e r o r not the cond i t ion 
I - I - L = 0 i s i m p o s e d . P o s s i b l e s o u r c e s of i n c o n s i s t e n c y i n c l u d e 
(1) m e a s u r e m e n t e r r o r s in the f r e q u e n c i e s of ind iv idua l t r a n s i t i o n s , (2) 
an e r r o r in the e x p e r i m e n t a l v a l u e of (B + C) u s e d in a l l t h r e e t a b u l a ­
t i o n s , and (3) a f u n d a m e n t a l l i m i t a t i o n of the r i g i d - r o t o r t h e o r y . 
3 5 
Ef fec t s due to e x p e r i m e n t a l e r r o r s shou ld differ for NO^Cl and 
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NO^Cl b e c a u s e the d e t e r m i n a t i o n s of t h e i r r o t a t i o n a l c o n s t a n t s a r e 
b a s e d upon e n t i r e l y i n d e p e n d e n t m e a s u r e m e n t s ; y e t the s p e c t r u m p r e ­
d ic t ion e r r o r s in T a b l e 4 a r e a l m o s t i d e n t i c a l for the two i s o t o p i c 
s p e c i e s . E s p e c i a l l y i n t e r e s t i n g i s the 0 . 2 3 - M c e r r o r in the p r e d i c t i o n 
3 5 
of the OQ 1 j t r a n s i t i o n f r e q u e n c y of NO^Cl ; the f r e q u e n c y of th i s 
t r a n s i t i o n m u s t be p r e c i s e l y o n e - t h i r d t ha t of the 2^-* 3^ t r a n s i t i o n for 
any r i g i d r o t o r , r e g a r d l e s s of i t s r o t a t i o n a l c o n s t a n t s . It i s c o n c l u d e d 
tha t t he s p e c t r u m p r e d i c t i o n e r r o r s i n T a b l e 4 ( excep t t h o s e for the 
f i t t ed 2 -» 3 t r a n s i t i o n s ) and the r e l a t i v e d i s p l a c e m e n t s of the r o t a t i o n a l -
c o n s t a n t p lo t s a r e m a n i f e s t a t i o n s of s l i g h t c e n t r i f u g a l d i s t o r t i o n of the 
m o l e c u l a r f r a m e w o r k . 
c a 
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T a b l e 4 . D i f f e r e n c e s b e t w e e n M e a s u r e d and C a l c u l a t e d 
G r o u p - C e n t e r F r e q u e n c i e s 
T r a n s i t i o n 
m c 
v - v 
o o 
N Q 2 C 1 35 
(Mc) 
N Q 2 C 1 37 
- 4 - 5 
"0 - 1 
3
- 3 ^ 4 - 4 
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•0. 03 
0. 03 
0 A - l 
B a s e d on m e a s u r e d f r e q u e n c i e s p u b l i s h e d by Mi l l en and Sinnot t (20) . 
M o l e c u l a r d i m e n s i o n s . — T h e d i m e n s i o n s of a p l a n a r XYZ^ m o l e c u l a r 
f r a m e w o r k c a n be e x p r e s s e d in t e r m s of the t h r e e p a r a m e t e r s u, v, w 
shown in F i g u r e 7. The m o m e n t s of i n e r t i a of the s t r u c t u r e abou t i t s 
p r i n c i p a l a x e s m a y then be e x p r e s s e d in the fo l lowing f o r m . 
I = 2 m~ w 
a 3 
Ib = M m^ { ( m 2 + ^ m ^ ) u
2
 + 4 m ^ uv + 2m^ v 2 } 
+ 2 m 2 m ^ v 
(8) 
(9) 
F i g u r e 7. M o l e c u l a r G e o m e t r y . 
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( 1 0 ) 
w h e r e M = + + • 
The d i m e n s i o n w i s g iven i m m e d i a t e l y by I . To find jo. and v in n i t r y l 
a * 
c h l o r i d e , one c a n so lve s i m u l t a n e o u s l y the e q u a t i o n s for ML^ for 
35 37 
NO->Cl and NO^Cl . S u b t r a c t i o n of the e q u a t i o n s for the two i s o t o p e s 
g ives a n u m e r i c a l v a l u e for the quan t i t y 
( m 2 + 2 m 3 ) u 2 + 4 m 3 uv + 2 m 3 v 2 = A ( M I f c ) ) / A m 1 , (11) 
2 
wh ich c a n be s u b s t i t u t e d in the s u m of the e q u a t i o n s to findy_ . Once 
y_ i s known, equa t i on 11 c a n be s o l v e d for _u. S t r a i g h t f o r w a r d t r i g o ­
n o m e t r y then g ives the N - O d i s t a n c e and the O - N - O a n g l e . 
T a b l e 5 l i s t s m o m e n t s of i n e r t i a c o r r e s p o n d i n g to the r o t a t i o n a l 
2 
c o n s t a n t s of T a b l e 2 . T h e y fol low f r o m the r e l a t i o n s I = h/(8Tr A), 
a 
3^ = h / ( 8 u 2 B ) , I = h/(8TT 2C), w h e r e h/(8Tt 2 ) = 5 .0553 X 1 0 5 Mc a m u A 2 . 
T h e s e m o m e n t s of i n e r t i a l e a d to the fo l lowing m o l e c u l a r d i m e n s i o n s : 
d(N-O) = 1.207 A, d (N-Cl) = 1.830 A, j _ (ONO) = 1 2 9 . 5 ° . It i s e s t i m a t e d 
tha t e f fec t s of m o l e c u l a r n o n r i g i d i t y c a n p r o d u c e u n c e r t a i n t i e s in t h e s e 
f i g u r e s on the o r d e r of 0 . 0 1 A in d i s t a n c e and one d e g r e e in a n g l e . 
It s hou ld be po in t ed out t h a t the a l t e r n a t e r o o t of the q u a d r a t i c 
equa t ion 11, u = d(N-Cl) = - 2 . 5 4 6 A, c o r r e s p o n d s to a d i a m o n d o r " k i t e " 
s h a p e d m o l e c u l a r s t r u c t u r e in which the c h l o r i n e a n d the oxygen n u c l e i 
a r e on the s a m e s ide of the n i t r o g e n n u c l e u s . T h i s s t r u c t u r e c a n be 
r e j e c t e d on the b a s i s of i n c o m p a t i b i l i t y wi th the i n f r a r e d s p e c t r u m (19), 
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T a b l e 5. M o m e n t s of I n e r t i a 
M o m e n t s 
of I n e r t i a 
35 37 
I 3 8 . 15 a m u A 2 2 3 8 . 1 5 a m u A a 
9 7 . 7 1 0 1 0 0 . 7 2 4 
I 1 3 5 . 8 5 4 138 .868 
c 
i m p l a u s i b i l i t y of the c h e m i c a l bond, and g r o s s i n c o m p a t i b i l i t y wi th the 
o b s e r v e d q u a d r u p o l e coupl ing c o n s t a n t s . I t s p u r e r o t a t i o n a l s p e c t r u m , 
h o w e v e r , would be i d e n t i c a l to t ha t of the Y - s h a p e d m o d e l . Th i s a m ­
b igu i ty cou ld of c o u r s e be r e m o v e d if one cou ld o b s e r v e the r o t a t i o n a l 
1 5 
s p e c t r u m of the N m o l e c u l a r i s o t o p i c s p e c i e s . 
Hype r f ine s t r u c t u r e ; q u a d r u p o l e coupl ing c o n s t a n t s . — T h e hype r f ine 
sp l i t t i ng p r o d u c e d by the c h l o r i n e n u c l e u s w a s a n a l y z e d by the f i r s t -
o r d e r t h e o r y of B r a g g and Golden (5, 6); q u a d r u p o l e coupl ing c o n s t a n t s 
w e r e c a l c u l a t e d f r o m a f i t t ing of the h y p e r f i n e s t r u c t u r e s of the 
2 2 ~ > 3 _ 3 ' ~ " > 3 0 ' a n a 2 2 _ * 3 1 t r a n s i t i . ° n s • The p e r t i n e n t r e s u l t s of 
B r a g g and G o l d e n ' s t h e o r e t i c a l a n a l y s i s a r e p r e s e n t e d in Append ix B , 
a long wi th a n u m b e r of a l g e b r a i c m a n i p u l a t i o n s which have p r o v e d c o n ­
v e n i e n t in the p r a c t i c a l a p p l i c a t i o n of the t h e o r y . 
Q u a d r u p o l e coup l ing c o n s t a n t s c a n be d e t e r m i n e d f r o m as few as 
two l i n e - s p a c i n g s in c e r t a i n h y p e r f i n e m u l t i p l e t s , bu t the e x t r e m e s e n ­
s i t i v i t y of s u c h d e t e r m i n a t i o n s to s m a l l f r e q u e n c y - m e a s u r e m e n t e r r o r s 
d i c t a t e s i n s t e a d t ha t the d e t e r m i n a t i o n be b a s e d upon a s i m u l t a n e o u s 
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o p t i m u m f i t t ing of a s m a n y m e a s u r e d l i n e s a s i s p r a c t i c a b l e . C o n s e ­
quen t ly , the " m a x i m u m l i k e l i h o o d " s t a t i s t i c a l f i t t ing p r o c e d u r e 
d e s c r i b e d in Append ix B w a s e m p l o y e d . In o r d e r to e x p l o r e the s m o o t h ­
ing effects of d a t a - p o o l i n g , t h r e e t y p e s of d e t e r m i n a t i o n s w e r e p e r ­
f o r m e d in which s u c c e s s i v e l y l a r g e r n u m b e r s of m e a s u r e d l ine f r e q u e n ­
c i e s w e r e f i t ted s i m u l t a n e o u s l y . The r e s u l t s of t h e s e c a l c u l a t i o n s a r e 
shown in T a b l e 6, in which the coup l ing c o n s t a n t s o b t a i n e d a r e l i s t e d 
wi thout roundoff . 
The f i r s t t h r e e c o l u m n s of T a b l e 6 show the r e s u l t s of s e p a r a t e 
m a x i m u m - l i k e l i h o o d f i t t ings of the w e l l - r e s o l v e d l i n e s of e a c h i n d i v i d ­
ual t r a n s i t i o n for e a c h i s o t o p e . V a l u e s of ^ d e t e r m i n e d f r o m d i f f e r ­
en t t r a n s i t i o n s differ by a s m u c h as 0 . 4 Mc and v a l u e s of X ^ and 
X C C by as m u c h a s 2 . 2 M c . (The sp l i t t i ng of the 2 j -* 3Q t r a n s i t i o n i s 
i s i n d e p e n d e n t of X ^ and X C C » ) The l a c k of c o n s i s t e n c y b e t w e e n i s o t o p i c 
s p e c i e s in the m a g n i t u d e s of the d i s c r e p a n c i e s s u g g e s t s t ha t the v a r i ­
a t ion i s due to the s e n s i t i v i t y of s i n g l e - t r a n s i t i o n d e t e r m i n a t i o n s to 
s m a l l e x p e r i m e n t a l e r r o r s r a t h e r t han to p o s s i b l e h i g h e r - o r d e r e f f e c t s . 
In th i s c o n n e c t i o n it i s n o t e w o r t h y t ha t for the g e n e r a l a s y m m e t r i c 
r o t o r B r a g g 1 s t h e o r y i n d i c a t e s t h a t s e c o n d - o r d e r c o r r e c t i o n s c a n b e ­
c o m e i m p o r t a n t for c l o s e l y - s p a c e d e n e r g y l e v e l s s u c h a s t h o s e of the 
2 j and 2^ s t a t e s . H o w e v e r , the t e r m s i nvo lved in the c o r r e c t i o n s for 
n e a r - d e g e n e r a c y of th i s type a l l i nc lude a s f a c t o r s the c r o s s - d e r i v a t i v e s 
2 
of the e l e c t r i c p o t e n t i a l a t the q u a d r u p o l a r n u c l e u s : (9 V / 9 a 3 b ) , e t c . 
In n i t r y l c h l o r i d e the m o l e c u l a r s y m m e t r y i s s u c h tha t the i n e r t i a l 
p r i n c i p a l a x e s a r e a l s o p r i n c i p a l a x e s of the f i e l d - g r a d i e n t t e n s o r , so 
T a b l e 6. Q u a d r u p o l e Coupl ing C o n s t a n t s f r o m S u c c e s s i v e M a x i m u m - L i k e l i h o o d 
F i t t i n g s 
Coup l ing 
C o n s t a n t 
C o n s t a n t s 
2
- 2 ^ 3 - 3 
f r o m Single 
F i t t i n g s 
2 r
3 o 
- T r a n s i t i o n 
2 -> 3 
C o n s t a n t s f r o m 
T h r e e - T r a n s i t i o n 
F i t t i n g s 
C o n s t a n t s f r o m 
S i m u l t a n e o u s F i t t i n g s , 
T h r e e T r a n s i t i o n s 
of Bo th I s o t o p e s 
Mc Mc Mc Mc Mc 
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^ a a 
- 9 4 . 8 1 - 9 4 . 6 4 - 9 5 . 07 - 9 4 . 7 0 - 9 4 . 7 0 
35 
X b b 52. 35 5 0 . 4 7 52. 11 52. 21 
35 
^ c c 
4 2 . 4 6 4 4 . 60 4 2 . 59 4 2 . 4 9 
x 3 7 - 7 4 . 3 8 - 7 4 . 6 8 - 7 4 . 7 7 - 7 4 . 5 8 - 7 4 . 5 8 
v 3 7 
*bb 4 0 . 67 4 0 . 28 4L. 21 41 .12 
37 
^ c c 
3 3 . 71 3 4 . 4 9 3 3 . 3 7 3 3 . 4 6 
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tha t the c r o s s - d e r i v a t i v e s v a n i s h . T h e r e i s t h e r e f o r e no c o n t r i b u t i o n 
to the q u a d r u p o l e sp l i t t i ng f r o m the n e a r d e g e n e r a c y of the 2^ and 2^ 
l e v e l s . 
To m a k e m o r e ef f ic ient u s e of the da t a t han i s a f fo rded by 
s i n g l e - t r a n s i t i o n f i t t i ngs , s i m u l t a n e o u s f i t t ings of a l l w e l l - r e s o l v e d 
l i n e s of a l l t h r e e t r a n s i t i o n s w e r e nex t p e r f o r m e d for e a c h i s o t o p e . 
T h e r e s u l t i n g coup l ing c o n s t a n t s a r e l i s t e d in the fou r th c o l u m n of 
T a b l e 6. B e c a u s e the h y p e r f i n e sp l i t t i ng i s m o r e s e n s i t i v e to X t h a n 
aa 
to Xi i a n d X , the f i g u r e s ob t a ined for X a r e m o r e r e l i a b l e t h a n b b c c a a 
t h o s e for the o t h e r two c o u p l i n g s . 
A f u r t h e r r e s t r i c t i o n m a y be i m p o s e d to r e f i n e the d e t e r m i n a t i o n 
of the l e s s s t r o n g l y c o n s t r a i n e d X,, and X . If the e l e c t r o n i c e n v i r o n -6 7
 bb cc 
m e n t s of the c h l o r i n e n u c l e i a r e a s s u m e d to be i d e n t i c a l in the two i s o -
topic m o l e c u l a r s p e c i e s , t hen the r a t i o s of coup l ing c o n s t a n t s 
3 5 3 7 
X /X m u s t b e equa l to the r a t i o of n u c l e a r q u a d r u p o l e m o m e n t s 
3 5 3 7 
Q / Q . It i s t h e r e f o r e p o s s i b l e to p e r f o r m a m a x i m u m - l i k e l i h o o d 
f i t t ing of a l l w e l l - r e s o l v e d l i n e s of a l l t r a n s i t i o n s of bo th i s o t o p e s 
s i m u l t a n e o u s l y , s u b j e c t to th i s r e s t r i c t i o n . The m e a s u r e d r a t i o 3 5 3 7 3 5 3 7 X /X = 1 .2697 i s i n t e r m e d i a t e b e t w e e n the v a l u e Q / Q = 1.2688 
aa a a 
l i s t e d in a t a b l e of n u c l e a r p r o p e r t i e s in the book by T o w n e s and 
Schawlow (39) and the r a t i o 1.2706 of the q u a d r u p o l e m o m e n t s in a s i m ­
i l a r t a b l e in the book by Gordy , Smi th , and T r a m b a r u l o (40) . The 
m e a s u r e d r a t i o w a s u s e d in the c a l c u l a t i o n . The r e s u l t s a r e shown in 
the fifth c o l u m n of T a b l e 6. V a l u e s of X,, and X differ by only 
bb cc 
0. 1 Mc f r o m the f i g u r e s o b t a i n e d in the p r e v i o u s f i t t i ngs , w h e r e the 
two i s o t o p e s w e r e t r e a t e d i n d e p e n d e n t l y . 
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The p r e c e d i n g d e t e r m i n a t i o n s w e r e b a s e d upon t e n t a t i v e r o t a -
3 5 
t iona l c o n s t a n t s : for NO^Cl , t h o s e r e p o r t e d in 1955 by Mi l l en and 
37 
Sinnot t , l i s t e d on page 9; for NO^Cl , t h o s e d e r i v e d f r o m the 
35 
NO^Cl da ta a s d e s c r i b e d on page 24 . The coup l ings o b t a i n e d in the 
f inal f i t t ing w e r e u s e d to c a l c u l a t e the p r e d i c t e d q u a d r u p o l e - i n t e r a c t i o n 
shi f ts of a l l m e a s u r e d l i n e s , and t h e s e sh i f t s w e r e s u b t r a c t e d f r o m the 
m e a s u r e d f r e q u e n c i e s in o r d e r to ob ta in e s t i m a t e s of the g r o u p - c e n t e r 
f r e q u e n c i e s of a l l t r a n s i t i o n s . The ind iv idua l e s t i m a t e s thus o b t a i n e d 
for the w e l l - r e s o l v e d l i n e s w e r e then a v e r a g e d to ob ta in the m e a s u r e d 
g r o u p - c e n t e r f r e q u e n c i e s v ^ 1 l i s t e d in Appendix D . The f i g u r e s in the 
c o l u m n s h e a d e d v ^ 1 + Av^ ( m e a s u r e d g r o u p - c e n t e r f r e q u e n c y p lus c a l ­
c u l a t e d q u a d r u p o l e i n t e r a c t i o n shift) m a y be c o m p a r e d wi th the m e a s u r e d 
f r e q u e n c i e s of i nd iv idua l l i n e s a s an i n d i c a t i o n of the a d e q u a c y of t h e s e 
coupl ing c o n s t a n t s for p r e d i c t i n g the h y p e r f i n e s t r u c t u r e . T h e y p r e d i c t 
the shi f ts of 58 w e l l - r e s o l v e d l i n e s ( inc luding the h i g h e r - J t r a n s i t i o n s 
not i n v o l v e d in the f i t t ings ) wi th a s t a n d a r d dev i a t i on of a p p r o x i m a t e l y 
0 . 0 2 Mc, c o n f i r m i n g the a p p l i c a b i l i t y of f i r s t - o r d e r t h e o r y wi th in the 
l i m i t s of e x p e r i m e n t a l m e a s u r e m e n t c a p a b i l i t y . 
The r e v i s e d r o t a t i o n a l c o n s t a n t s l i s t e d in T a b l e 2 w e r e o b t a i n e d 
a f t e r t r e a t m e n t of the h y p e r f i n e sp l i t t i ng h a d p e r m i t t e d a c c u r a t e e v a l ­
ua t ion of the g r o u p - c e n t e r f r e q u e n c i e s . An e x a m i n a t i o n of the effect of 
the r e v i s i o n upon the q u a d r u p o l e coup l ing c o n s t a n t s c o n f i r m e d tha t the 
d e t e r m i n a t i o n i s r e l a t i v e l y i n s e n s i t i v e to r o t a t i o n a l - c o n s t a n t v a r i a t i o n s 
wh ich a r e c o n s i s t e n t wi th the o b s e r v e d p u r e - r o t a t i o n a l s p e c t r u m . In 
a f inal s i m u l t a n e o u s f i t t ing of a l l J: 2 -» 3 t r a n s i t i o n s of bo th i s o t o p e s , 
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T a b l e 7. Q u a d r u p o l e Coupl ing C o n s t a n t s of N i t r y l C h l o r i d e 
Coupl ing C o n s t a n t 3 5 N O z C l 
37 
N O z C l 
Mc Mc 
X 
- 9 4 . 7 0 - 7 4 . 5 8 
aa 
X b b 5 2 . 4 4 1 . 3 
X 4 2 . 3 3 3 . 3 
cc 
v a l u e s of X c h a n g e d only 0. 002 Mc; X, , and X c h a n g e d 0. 20 Mc 
a a D D c c 
for N 0 2 C 1 3 5 and 0. 16 Mc for N C > 2 C 1 3 7 . The f inal coupl ing c o n s t a n t s 
a r e shown in Tab l e 7, w h e r e Xi i and X a r e r o u n d e d to 0 . 1 Mc to 
bb cc 
r e f l e c t t h e i r g r e a t e r u n c e r t a i n t y . The effect of the change upon the 
p r e d i c t e d h y p e r f i n e sp l i t t i ng w a s not c o n s i d e r e d suf f ic ien t ly g r e a t to 
w a r r a n t r e c a l c u l a t i o n of the c o m p l e t e s p e c t r u m ; only a few m o s t s e n ­
s i t i v e l ine d i s p l a c e m e n t s c h a n g e by as m u c h as 0 . 0 2 M c . 
3 5 
S t a r k effect; d ipole m o m e n t of NO?Cl — D e t e r m i n a t i o n of the d ipole 
3 5 
m o m e n t of NC>2C1 w a s u n d e r t a k e n by a n a l y s i s of the S t a r k sp l i t t i ng 
of the 2j—* 3 Q t r a n s i t i o n . In F i g u r e 8, a r e c o r d i n g m a d e a t an e l e c t r i c 
f ie ld i n t e n s i t y of 515 v o l t s / c m , a l l t en S t a r k c o m p o n e n t s of th i s t r a n s i ­
t ion a r e v i s i b l e a s d o w n w a r d d e f l e c t i o n s . 
The t h e o r y of the S t a r k effect in the a s y m m e t r i c r o t o r i s d i s ­
c u s s e d in Appendix C. Notab le w o r k in th i s f ie ld i n c l u d e s the t r e a t m e n t 
by Golden and Wi l son of the r o t o r wi thout h y p e r f i n e s t r u c t u r e and the 
m e t h o d of M i z u s h i m a for inc lud ing q u a d r u p o l e i n t e r a c t i o n . 
,35 F i g u r e 8. The J = 2^ - » 3 Q T r a n s i t i o n of NO^Cl Showing the S t a r k C o m p o n e n t s for an E l e c t r i c 
F i e l d of 515 V o l t s / c m . The F ^ V a l u e s a r e for the L o w e r S t a t e . The V a l u e s of F in 
the U p p e r S ta te a r e not Ident i f ied as the 3Q L e v e l is D e g e n e r a t e in F . 
4^  
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Sp l i t t i ngs of the 2 ,^ e n e r g y l e v e l w e r e f i r s t c a l c u l a t e d for 
s e v e r a l v a l u e s of the quan t i t y \±£ (the p r o d u c t of the d ipole m o m e n t 
and the f ie ld i n t e n s i t y ) , u s ing an IBM 650 c o m p u t e r to d i agona l i ze the 
H a m i l t o n i a n m a t r i c e s of M i z u s h i m a . T h i s p r o c e d u r e w a s not n e c e s s a r y 
for the 3 Q l e v e l ; t h e r e the a v e r a g e v a l u e of the m o l e c u l a r e l e c t r i c 
f ie ld g r a d i e n t a t the c h l o r i n e n u c l e u s v a n i s h e s , s o t ha t t h e r e i s no 
q u a d r u p o l e i n t e r a c t i o n and the S t a r k e n e r g i e s a r e t h o s e for an o r d i n a r y 
a s y m m e t r i c r o t o r . 
C o m p a r i s o n of r e c o r d i n g s wi th c a l c u l a t e d S t a r k s t r u c t u r e s showed 
good q u a l i t a t i v e a g r e e m e n t and i n d i c a t e d a d ipole m o m e n t in the n e i g h ­
b o r h o o d of 0 . 5 d e b y e . T h e r e w a s h o w e v e r a p r o n o u n c e d f o r e s h o r t e n i n g , 
i n c r e a s i n g wi th f ie ld i n t e n s i t y , in the o b s e r v e d sh i f t s of t h o s e c o m ­
p o n e n t s wh ich w e r e d i s p l a c e d by m o r e t h a n abou t 30 Mc f r o m t h e i r 
p a r e n t l i n e s . T h i s r e s u l t i s i n d i c a t e d in T a b l e s 8 and 9, which l i s t 
S t a r k c o m p o n e n t f r e q u e n c i e s m e a s u r e d f r o m c a l i b r a t e d r e c o r d i n g s for 
£ = 556 v / c m and 750 v / c m r e s p e c t i v e l y . The a d j a c e n t c o l u m n s l i s t 
f r e q u e n c i e s c a l c u l a t e d by M i z u s h i m a ' s m e t h o d for {[i£)/h = 150 Mc and 
200 Mc r e s p e c t i v e l y . T h e a c t u a l and the a s s u m e d f ie ld cond i t i ons a r e 
e q u i v a l e n t for \x « 0. 53 d e b y e . The t h e o r y p r e d i c t s qu i te a c c u r a t e l y the 
shif ts of c o m p o n e n t s 9 and 10 ( F i g u r e 8) , c o r r e s p o n d i n g to s t a t e s of 
d o m i n a n t c h a r a c t e r M = 0. It a l s o shows c o r r e c t l y t ha t c o m p o n e n t 8 
o v e r t a k e s and p a s s e s c o m p o n e n t 7 a s the f ie ld i s i n c r e a s e d f r o m 556 
v / c m to 750 v / c m . H o w e v e r , the shif ts of t he m o s t w ide ly d i s p l a c e d 
c o m p o n e n t s , c o r r e s p o n d i n g to s t a t e s of d o m i n a n t c h a r a c t e r M = 2, 
fal l a s m u c h a s 27 Mc s h o r t of the p r e d i c t e d shif ts for £ - 750 v / c m . 
T a b l e 8. M e a s u r e d and C a l c u l a t e d S t a r k C o m p o n e n t F r e q u e n c i e s , NO^Cl 2^ - » 3 Q T r a n s i t i o n 
(f = 556 v / c m ; (p.(f ) / h = 150 Mc 
C o m p o n e n t D o m i n a n t P a r e n t Line M e a s u r e d C a l c u l a t e d , C a l c u l a t e d , 
N u m b e r C h a r a c t e r F r e q u e n c y F r e q u e n c y M i z u s h i m a D e g e n e r a t e 
t Method T h e o r y 
( F i g u r e 8) M m (Mc) (Mc) (Mc) (Mc) 
1 2 - 3 / 2 26 7 0 8 . 3 3 26 738 . 6 ± 1 26 7 4 8 . 5 7 
2 2 3 /2 26 6 9 1 . 4 4 26 7 3 2 . 1 ± 1 26 7 4 4 . 0 1 26 7 3 3 . 2 4 
3 2 1/2 11 26 723 . 8 ± 1 26 7 3 3 . 8 1 26 7 2 3 . 9 5 
4 2 - 1 / 2 11 26 722. 0 ± 1 26 732 . 12 
5 1 - 1 / 2 11 26 705 . 4 ± 0 . 3 26 7 0 7 . 9 7 
6 1 1/2 26 6 8 4 . 6 8 26 7 0 1 . 3 ± 0 . 3 26 702. 11 
7 - 1 3 /2 11 26 6 9 3 . 3 ± 0 . 3 26 6 9 2 . 3 3 
8 1 3 /2 26 6 6 7 . 7 7 26 689 . 5 ± 0 . 4 26 6 9 1 . 2 0 26 6 8 9 . 4 2 
9 0 1/2 ! \ 26 682 . 5 ± 0 . 3 26 6 8 2 . 5 1 
10 0 3 / 2 1 1 26 675 . 7 ± 0 . 3 26 6 7 5 . 5 7 
L i m i t s i n d i c a t e the b r e a d t h of the r e g i o n in which the l ine a m p l i t u d e is not g r e a t l y d i f fe ren t f r o m 
the p e a k a m p l i t u d e . M e a s u r e d f r e q u e n c i e s a r e for the c e n t e r s of t h i s r e g i o n . 
T a b l e 9. M e a s u r e d a n d C a l c u l a t e d S t a r k C o m p o n e n t F r e q u e n c i e s , NO^Cl 2^ -» 3Q T r a n s i t i o n 
(f = 7 5 0 v / c m ; (p,<f ) / h = 2 0 0 Mc 
C o m p o n e n t D o m i n a n t P a r e n t Line M e a s u r e d C a l c u l a t e d . C a l c u l a t e d , 
N u m b e r C h a r a c t e r F r e q u e n c y F r e q u e n c y M i z u s h i m a D e g e n e r a t e 
t Method T h e o r y 
( F i g u r e 8) M m (Mc) (Mc) (Mc) (Mc) 
1 2 - 3 / 2 26 7 0 8 . 3 3 26 761 ± 2 26 7 8 7 . 6 0 
2 2 3 / 2 26 6 9 1 . 4 4 26 757 ± 2 26 7 8 4 . 9 1 26 7 5 7 . 4 2 
3 2 1/2 11 2 6 7 7 3 . 2 6 26 7 4 6 . 7 4 
4 2 - 1 / 2 11 } 26 746 ± 1 { 26 7 7 2 . 3 1 
5 1 - 1 / 2 11 26 7 1 4 . 3 ± 0. 5 26 7 1 9 . 2 7 
6 1 1/2 26 6 8 4 . 6 8 26 7 1 0 . 0 ± 0. 5 26 7 1 2 . 2 0 
7 - 1 3 / 2 26 6 9 8 . 0 ± 1 26 6 9 7 . 8 1 
8 1 3 / 2 26 6 6 7 . 7 7 26 6 9 9 . 5 ± 1 26 7 0 2 . 9 1 26 6 9 9 . 4 0 
9 0 1/2 ! 1 26 6 8 8 . 4 ± 0 . 2 26 6 8 8 . 2 8 
9' * 11 26 6 8 7 . 2 ± 0 . 2 26 6 8 7 . 0 7 
10 0 3 / 2 1 1 26 6 7 6 . 7 ± 0 . 2 26 6 7 6 . 5 7 
L i m i t s i n d i c a t e the b r e a d t h of the r e g i o n in which the l ine a m p l i t u d e i s not g r e a t l y d i f fe ren t 
f r o m the peak a m p l i t u d e . M e a s u r e d f r e q u e n c i e s a r e for the c e n t e r s of t h i s r e g i o n . 
* 
Weak s a t e l l i t e t r a n s i t i o n to M = 1 s t a t e of 3 0 l e v e l ; a t t r i b u t e d to s l igh t M = 1 c h a r a c t e r of 
2 . S t a r k l e v e l No . 9. 
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Of p a r t i c u l a r i n t e r e s t i s C o m p o n e n t No. 2, for which M^, = M + m 
= 7 / 2 . F o r th i s c o m p o n e n t the sp l i t t i ng of the J = 2 l e v e l i s o b t a i n e d 
f r o m a f i r s t - d e g r e e s e c u l a r equa t i on . The d i s p l a c e m e n t of the c o m ­
ponent f r o m the F ^ = 7 /2 l ine i s found to be i d e n t i c a l to the S t a r k - e f f e c t 
d i s p l a c e m e n t for any a s y m m e t r i c r o t o r wi thout q u a d r u p o l e i n t e r a c t i o n , 
wh ich a c c o r d i n g to s e c o n d - o r d e r p e r t u r b a t i o n t h e o r y shou ld be p r o p o r -
h a v i o r , for c o m p a r i s o n with the o b s e r v e d s h i f t s . 
The f a i l u r e of the n o n d e g e n e r a t e t h e o r y can be a t t r i b u t e d p r i ­
m a r i l y to the p r o x i m i t y of the 2^ and 2^ e n e r g y l e v e l s , w h o s e c a l c u ­
l a t e d s e p a r a t i o n i s 178 .89 M c . F o r M ^ 0 the s t a t e s a r e c o n n e c t e d by 
a m a t r i x e l e m e n t of H . The so l i d c u r v e in F i g u r e 9 shows the b e -
s ° 
h a v i o r p r e d i c t e d by the t h e o r y of Golden a n d Wi l son for a n a s y m m e t r i c 
r o t o r wi thout q u a d r u p o l e i n t e r a c t i o n in the c a s e of n e a r d e g e n e r a c y . 
The a g r e e m e n t with e x p e r i m e n t i s v e r y good indeed , even though a 
n o n v a n i s h i n g in f luence of q u a d r u p o l e i n t e r a c t i o n m i g h t be e x p e c t e d in a 
r i g o r o u s t r e a t m e n t of the d e g e n e r a t e c a s e . A l so n e g l e c t e d i s a s i m i l a r 
but m u c h s m a l l e r effect r e s u l t i n g f r o m the p r o x i m i t y of the 3 and 3 , 
l e v e l s . A useful i n d i c a t i o n of the a d e q u a c y of the t h e o r y i s the c o n s i s ­
t e n c y of the r e s u l t s o b t a i n e d when it i s u s e d to c a l c u l a t e the d ipo le m o ­
m e n t f r o m a n u m b e r of s e p a r a t e c o m p o n e n t - s h i f t m e a s u r e m e n t s o v e r 
a wide r a n g e of f ie ld s t r e n g t h s . T a b l e 10 l i s t s v a l u e s of u, thus o b t a i n e d 
f r o m fif teen c a l i b r a t e d - r e c o r d i n g m e a s u r e m e n t s of the Mp, = 7 / 2 c o m ­
ponent , fo r £ r a n g i n g f r o m 214 v / c m to 1500 v / c m . D i f f e r e n c e s of t he 
i nd iv idua l s o l u t i o n s f r o m the m e a n of 0. 53_3_ debye a r e a p p a r e n t l y 




T a b l e 10. S t a r k Effect of M _ = 7 /2 C o m p o n e n t , 
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- 3„ T r a n s i t i o n of NCuCl 1 0 
E l e c t r i c 
F i e l d 
I n t e n s i t y 
( v / c m ) 
M e a s u r e d 
F r e q u e n c y 
t 
(Mc) 
Shift F r o m 
F = 7 / 2 
L ine 
(Mc) 
C a l c u l a t e d 
Dipole Momen t ; 
D e g e n e r a t e 
T h e o r y 
(debye) 
214 26 6 9 8 . 9 ± 0 . 2 7 . 4 6 0. 5351 
32_1_ 26 707 . 2 ± 0 . 2 15 .8 0 . 5 3 1 0 
364 26 7 1 1 . 4 ± 0 . 3 20 . 0 0 . 5 3 3 6 
4 0 J 26 7 1 5 . 8 ± 0 . 4 2 4 . 4 0 . 5 3 3 9 
4 2 2 26 7 1 7 . 8 ± 0 . 5 2 6 . 4 0 . 5 3 0 3 
4 7 2 26 7 2 3 . 3 ± 0 . 7 3 1 . 9 0 . 5 3 8 3 
514 26 7 2 7 . 7 ± 0 . 7 36 . 3 0 . 5 3 2 5 
552 26 732. 7 ± 1 4 1 . 3 0 . 5312 
60£ 26 738 . 5± 1 4 7 . 1 0 . 5 3 4 6 
642 26 744 ± 1 5 2 . 6 0 . 5 3 4 6 
692 26 750 . 5± 1. 5 59. 1 0 . 5 3 1 4 
752 26 757 ± 2 6 5 . 6 0 .5282 
852 26 773 ± 1 . 5 8 1 . 6 0 . 5 3 4 6 
10J70 26 802 . 5± 1. 5 1 1 1 . 1 0 . 5 3 1 8 
1522 26 865 ± 3 1 7 3 . 6 0. 5346 
A v e r a g e = 0 .5330 
L i m i t s i n d i c a t e the b r e a d t h of the r e g i o n in which the l ine a m p l i t u d e 
i s not g r e a t l y d i f f e ren t f r o m the p e a k a m p l i t u d e . M e a s u r e d f r e q u e n c i e s 
a r e for the c e n t e r s of t h i s r e g i o n . 
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r a n d o m , wi th a s t a n d a r d dev ia t ion of 0 . 0 0 2 5 d e b y e . ( P o s s i b l e s y s t e m ­
a t i c e r r o r s a s s o c i a t e d wi th the d e t e r m i n a t i o n of the ef fect ive f ie ld 
i n t e n s i t y in the c e l l , h o w e v e r , l i m i t the a c c u r a c y of the d e t e r m i n a t i o n 
to about ± 0 . 0 1 d e b y e . ) 
In Appendix C i t i s po in ted out t ha t c e r t a i n q u a d r u p o l e - i n t e r a c t i o n 
effects t h a t would o t h e r w i s e c o m p l i c a t e the n e a r - d e g e n e r a t e s i t u a t i o n 
a r e a b s e n t in the c a s e of the 2^ a n d 2^ l e v e l s of n i t r y l c h l o r i d e ; the 
m a t r i x e l e m e n t s (2^ | I ^^^ vanish b e c a u s e the i n e r t i a l p r i n c i p a l a x e s 
a r e a l s o p r i n c i p a l a x e s of the f ie ld g r a d i e n t t e n s o r , and the m a t r i x 
e l e m e n t s ( ^ - J H ^ ^ ^ ) a r e a l m o s t equa l to the e l e m e n t s ( 2 ^ | H ^ | 2 j ) . T h i s 
c i r c u m s t a n c e p r e s u m a b l y a c c o u n t s for the e x c e l l e n t c o n s i s t e n c y no ted 
in T a b l e 10 for the M_, = 7 / 2 S t a r k c o m p o n e n t . It i n d i c a t e s a l s o tha t t he 
o t h e r c o m p o n e n t s shou ld be p r e d i c t e d a c c u r a t e l y s i m p l y by the u s e of 
the c o r r e c t d e g e n e r a t e - c a s e S t a r k e n e r g i e s in the d iagona l e l e m e n t s of 
the M i z u s h i m a s e c u l a r d e t e r m i n a n t . Th i s c o n c l u s i o n w a s t e s t e d for 
the q u a d r a t i c M p = 5 /2 s u b f a c t o r , wh ich i s r e a d i l y s o l v e d wi thout r e s o r t 
to the d ig i t a l c o m p u t e r p r o g r a m . The r e s u l t i n g c a l c u l a t e d f r e q u e n c i e s 
of c o m p o n e n t s 3 a n d 8, l i s t e d in the r i g h t - h a n d c o l u m n s of T a b l e s 8 and 
9, a g r e e wi th t h o s e o b s e r v e d . 
C H A P T E R V 
DISCUSSION O F R E S U L T S 
Al though a t h e o r e t i c a l i n t e r p r e t a t i o n of the bond s t r u c t u r e of 
n i t r y l c h l o r i d e i s not wi th in the s c o p e of th i s i n v e s t i g a t i o n , c e r t a i n 
i n t e r e s t i n g f e a t u r e s of the m o l e c u l a r da ta c a n be po in t ed out . F o r 
c o m p a r i s o n s wi th l o n g - e s t a b l i s h e d bond t h e o r i e s and c h e m i c a l e x p e r 
e n c e , the fol lowing c o m m e n t a r y by P a u l i n g (32) i s p a r t i c u l a r l y p e r ­
t i n e n t . 
R e s o n a n c e b e t w e e n the two e q u i v a l e n t s t r u c t u r e s 
R - N R— , I 
O
 x o 
with p e r h a p s a s m a l l c o n t r i b u t i o n by 
R— N II 
i s e x p e c t e d for the n i t r o g r o u p . Th i s would l e a d to the t e t r a -
h e d r a l [ d o u b l e - b o n d p l ane to s i n g l e - b o n d ax i s ] v a l u e 125° 16' 
for the 0 - N = 0 bond ang le and to the p r e d i c t e d v a l u e 1. 20 A 
for the N - O d i s t a n c e , the t h r e e a t o m s of the g r o u p be ing c o -
p l a n a r , wi th the two oxygen a t o m s s y m m e t r i c a l l y r e l a t e d to 
the R - N a x i s . . . . Th i s c o n f i g u r a t i o n h a s b e e n v e r i f i e d by the 
e l e c t r o n - d i f f r a c t i o n s t u d y of n i t r o m e t h a n e , wh ich l e d to the 
v a l u e s ONO ang le = 127° ± 3° and N - O d i s t a n c e 1. 21 ± 0 . 0 2 A. 
M o r e o v e r , the c a l c u l a t e d e l e c t r i c d ipole m o m e n t for the 
g r o u p , 2 . 7 0 debye ( c o r r e s p o n d i n g to the a v e r a g e c h a r g e d i s ­
t r i b u t i o n 
- e / 2 
) , 
1. 21 
a g r e e s s a t i s f a c t o r i l y wi th the o b s e r v e d l a r g e v a l u e of abou t 
3 debye for a l i p h a t i c n i t r o c o m p o u n d s . 
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The s t r u c t u r e of the ONO g r o u p in n i t r y l c h l o r i d e , d(N-O) = 
1.207 ± 0 . 0 1 A; ONO ang le = 129 .5° ± 1° , i s ev iden t ly j u s t a s m i g h t 
have b e e n e x p e c t e d . H o w e v e r , the m o l e c u l a r d ipole m o m e n t of 
0. 53 debye i s m u c h s m a l l e r t han i s i n d i c a t e d by P a u l i n g ' s a n a l y s i s of 
the ONO g r o u p on the b a s i s of s t r u c t u r e I. F u r t h e r m o r e , t he N - C l 
d i s t a n c e 1. 830 ± 0 . 0 1 A i s 0 . 1 4 A g r e a t e r t han the s u m of the g e n e r ­
a l ly a c c e p t e d c o v a l e n t s i n g l e - b o n d r a d i i (41) . In c o n t r a s t , the N - C 
d i s t a n c e 1.46 A in n i t r o m e t h a n e (42) a g r e e s wi th the s u m of the c o ­
v a l e n t r a d i i ( 1 .47 A) . 
It i s i n t e r e s t i n g to c o m p a r e the g a s - p h a s e dipole. m o m e n t s of 
n i t r o b e n z e n e , c h l o r o b e n z e n e , and the s e q u e n c e of c h l o r o n i t r o b e n z e n e s 
(43): 
( C 6 H 5 ) ' - N 0 2 p. = 4 . 22 D 
( C 6 H 5 ) —CI p. = 1. 70 D 
o r t h o ^ C 6 H 4 ) - N < ^ 2 u. = 4 . 59 D 
CI 
m e t a ( C 6 H 4 > ~~ N ° 2 [i = 3. 69 D 
p a r a CI — (C^H^) — NO^ p.= 2 . 7 8 D 
The c h l o r i n e a t o m i s c l e a r l y n e g a t i v e in t h e s e s t r u c t u r e s ; one c a n 
a c c o u n t for the ne t d ipole m o m e n t s f a i r l y we l l by v e c t o r add i t i on of t he 
i nd iv idua l m o m e n t s i n d i c a t e d . E v e n i n p - c h l o r o n i t r o b e n z e n e , h o w e v e r , 
w h e r e the m o m e n t s fully oppose , the r e s u l t a n t i s abou t t ha t c a l c u l a t e d 
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by P a u l i n g for the NO-> s t r u c t u r e I. The low dipole m o m e n t of n i t r y l 
c h l o r i d e m i g h t a p p e a r to r e s u l t f r o m a s u b s t a n t i a l c o n t r i b u t i o n of the 
ion ic s t r u c t u r e 
Cl N . I l l 
The e x c e s s N - C l d i s t a n c e cou ld be r e g a r d e d a s a c o n s e q u e n c e of such 
ionic c h a r a c t e r , to which h a s b e e n a t t r i b u t e d (44) the r e m a r k a b l e 
d(N-Cl) = 1.98 A in n i t r o s y l c h l o r i d e (C1NO). The a d m i s s i o n of a p p r e ­
c i a b l e c h a r a c t e r III, h o w e v e r , r u n s c o u n t e r to c h e m i c a l e v i d e n c e 
tha t the c h l o r i n e a t o m is n e a r l y n e u t r a l or p e r h a p s s l i gh t l y p o s i t i v e 
(16); f u r t h e r m o r e , the e l e c t r o n e g a t i v i t i e s of N and Cl a r e a p p r o x i ­
m a t e l y e q u a l (N: 3 . 0 , N wi th + f o r m a l c h a r g e : 3 . 3 , Cl : 3 . 1 ) . A q u a n ­
t i t a t i v e l i m i t a t i o n i s p r o v i d e d by the q u a d r u p o l e coupl ing c o n s t a n t s . 
All m o l e c u l a r c h a r g e s e x t e r i o r to the q u a d r u p o l a r n u c l e u s p a r ­
t i c i p a t e in the p r o d u c t i o n of an e l e c t r i c f ie ld g r a d i e n t a t the n u c l e u s ; 
h o w e v e r , t r e a t m e n t s such a s tha t by Townes and Schawlow (45) i n d i c a t e 
tha t c o n t r i b u t i o n s f r o m the v a l e n c e - s h e l l e l e c t r o n s h e l d or s h a r e d by 
the n u c l e u s a r e u s u a l l y m u c h l a r g e r t han the d i r e c t o r i nduced effects of 
a l l o t h e r c h a r g e s . The q u a d r u p o l e coupl ing c o n s t a n t s t h e r e f o r e i n d i c a t e 
the ef fec t ive e l e c t r o n i c o c c u p a t i o n s of the v a l e n c e a t o m i c o r b i t a l s . The 
v a l i d i t y of the a t o m i c - o r b i t a l c o n c e p t i s h a r d to j udge , bu t the r e s u l t s 
of q u a d r u p o l e - c o u p l i n g a n a l y s e s have b e e n g e n e r a l l y s a t i s f a c t o r y . 
The g r o u n d - s t a t e e l e c t r o n i c c o n f i g u r a t i o n of c h l o r i n e i s 
Z Z 6 Z 5 
l s Z s p 3 s p . The f i l led i n n e r s h e l l s and the s y m m e t r i c a l 3 s o r b i t a l s 
c o n t r i b u t e nothing to the f ie ld a t t he n u c l e u s . The 3 d - s t a t e c o n t r i b u t i o n s 
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to the m o l e c u l a r o r b i t a l s a r e p r e s u m a b l y s m a l l b e c a u s e of t h e i r v e r y 
h igh e n e r g i e s (46) . The s t a t e s of p r i n c i p a l i m p o r t a n c e a r e t h e r e f o r e 
the t h r e e o r b i t a l s p ^ , p b > a n d p c > d i r e c t e d a long the r e s p e c t i v e m o l e c u ­
l a r i n e r t i a l a x e s . Le t n(p^) r e p r e s e n t the ef fec t ive n u m b e r of e l e c t r o n s 
occupy ing e a c h o r b i t a l . B e c a u s e the e l e c t r i c po t en t i a l funct ion due to 
e a c h e l e c t r o n obeys L a p l a c e ' s equa t ion , one can w r i t e : 
X a a = [ n < P a > - l n < P b > - i " M X Cl 
X b b = t - l n < P a ) + n ( P b ) - | n M X C 1 
* c c = [ - j n < P a > - j n ( P b > + n<Pc>] X c l 
T h e quan t i t y X Q ^ i s a m e a s u r e of the f ie ld g r a d i e n t p r o d u c e d a t the 
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n u c l e u s by one 3p o r b i t a l e l e c t r o n ; i t i s 109. 7 Mc in a t o m i c Cl a n d 
abou t 126 Mc in + C 1 3 5 (47) . 
C o n s i d e r , for e x a m p l e , the fol lowing s i t u a t i o n s : (a) F o r a p u r e 
c o v a l e n t p bond a long the a a x i s , the a v e r a g e e l e c t r o n i c c o n f i g u r a t i o n i s 
3 s 2 p l p b p c ; c o n s e c l u e n t l y X a a = - 1 0 9 . 7 Mc, X b b = X c c = 5 4 . 8 4 M c . 
(b) F o r the Cl ion the c o n f i g u r a t i o n i s 3 s 2 p 2 p ? p 2 , and X = X K K = X 
a b c a a D O C C 
= 0. (c) F o r the C l + ion f o r m e d by l o s s of an e l e c t r o n f r o m the p 
a 
o r b i t a l ( 3 s 2 p 2 p 2 ) , X = - 2 (126 Mc) = - 2 5 2 Mc, X K K = X = 126 M c . 
D c a a D D cc 
(d) F o r a c o v a l e n t double bond involv ing the p a n d p o r b i t a l s of C l + , 
a c 2 1 2 1 the a v e r a g e c o n f i g u r a t i o n i s 3s p p K p ; t h e r e f o r e X = - 6 3 Mc, a b c a a 
Xi-i = 126 Mc, X = - 6 3 M c . bb cc 
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Al though the s o r b i t a l s t h e m s e l v e s p r o d u c e no f ie ld g r a d i e n t 
a t the n u c l e u s , s - p h y b r i d i z a t i o n of a s ing le a - a x i s c o v a l e n t bond 
n e v e r t h e l e s s i n f l uences the q u a d r u p o l e coup l ing c o n s t a n t s by chang ing 
the a v e r a g e occupa t i on of the p o r b i t a l . H y b r i d i z a t i o n p r o d u c e s two 
s p o r b i t a l s , one o c c u p i e d by the two non-bond ing e l e c t r o n s which w i t h -
3* 
out h y b r i d i z a t i o n would occupy the p u r e s s t a t e s ; the o t h e r i s occup ied , 
on the a v e r a g e , by a s ing l e bonding e l e c t r o n . If the f r a c t i o n a l i m p o r ­
t a n c e of the s s t a t e in the bonding h y b r i d i s x , the ef fec t ive e l e c t r o n i c 
2 - x 1+x 2 2 
d i s t r i b u t i o n i s 3s p p, p ; c o n s e q u e n t l y X = - ( 1 - xJX^-.; 
a o c a a v^>i 
X b b ^ c c ^ - ^ C l -
In m o s t c o m p o u n d s of c h l o r i n e the c o m b i n e d effects of s - h y b r i d -
3 5 i z a t i o n and n e g a t i v e ion ic c h a r a c t e r — s i t u a t i o n ( b ) — r e d u c e Xi -, to abou t 
° bond 
- 7 0 to - 8 5 Mc; e . g . , in c h l o r o m e t h a n e to - 7 4 . 8 M c . The high v a l u e 
35 X = - 9 4 . 7 Mc in n i t r y l c h l o r i d e i s u n u s u a l l y c l o s e to tha t of a p u r e p 3*3* 
bond, s i t u a t i o n (a); i t a r g u e s a g a i n s t a d m i s s i o n of s - h y b r i d i z a t i o n . 
Th i s i s c o n s i s t e n t wi th T o w n e s ' r u l e (48) of no c h l o r i n e - o r b i t a l h y b r i d ­
i z a t i o n in a bond wi th an a t o m of n e a r l y equa l e l e c t r o n e g a t i v i t y , and 
wi th the o b s e r v a t i o n t ha t s c h a r a c t e r s h o r t e n s r a t h e r t h a n l e n g t h e n s 
the bond d i s t a n c e (49) . 
The h igh v a l u e of X does not in fac t p e r m i t i n t r o d u c t i o n of 
3,3, 
enough ion ic c h a r a c t e r III to r e d u c e the dipole m o m e n t to the o b s e r v e d 
v a l u e , u n l e s s the fol lowing s t r u c t u r e IV i s a d m i t t e d a l s o to offset the 
r e d u c t i o n of the X ' s . 
E v e n in the m o l e c u l e H-, a fi^ve p e r c e n t c o n t r i b u t i o n i s a t t r i ­
b u t e d to the s t r u c t u r e s H "H, , H~ H, (50) . 




Cl + IV 
This s t r u c t u r e t ends to m a k e the dipole m o m e n t even h i g h e r , bu t to a 
m u c h g r e a t e r d e g r e e i t i n c r e a s e s the X's t h r o u g h the effect of s i t u a t i o n 
The i n e q u a l i t y of t he coup l ing c o n s t a n t s X ^ b = 5 2 . 4 Mc, 
35 
X = 4 2 . 3 Mc c a n be i n t e r p r e t e d a s i n d i c a t i v e of a c o n t r i b u t i o n f r o m 
^ c c r 
the s t r u c t u r e 
which c o r r e s p o n d s to s i t u a t i o n (d). Of the four s i t u a t i o n s c o n s i d e r e d , 
only th i s one g ive s r i s e to f ie ld a s y m m e t r y in the be p l ane ; t h i s i s the 
b a s i s of J . H . G o l d s t e i n ' s a n a l y s i s of doub le -bond ing (51). The c o n ­
t r i b u t i o n of s t r u c t u r e V shou ld be s m a l l b e c a u s e i t v i o l a t e s P a u l i n g ' s 
a d j a c e n t c h a r g e r u l e ^ (52) . 
T a b l e 11 s u m m a r i z e s the c h a r a c t e r i s t i c s of the four s t r u c t u r e s 
tha t a r e p r o b a b l y the p r i n c i p a l p a r t i c i p a n t s in the bond ing of n i t r y l 
c h l o r i d e . The q u a d r u p o l e coup l ing c o n s t a n t s a r e t h o s e e s t a b l i s h e d in 
the p r e v i o u s d i s c u s s i o n of s i t u a t i o n s (a) t h r o u g h (d) . The " f o r m a l " 
^It i s i n t e r e s t i n g t ha t the d i m e r 0 2 N N 0 2 i s one of the few a p p a r ­
en t ly m a r k e d e x c e p t i o n s to t h i s r u l e (53) . H o w e v e r , a new type of 
" i T - o n l y " bond h a s b e e n a t t r i b u t e d to th i s m o l e c u l e r e c e n t l y by C o u l s o n 
and D u c h e s n e (54) . The cond i t i ons tha t a r e b e l i e v e d to g ive r i s e to t he 
bond do not e x i s t in t he n i t r y l h a l i d e s (55), a n d i t i s i n c o m p a t i b l e wi th 
the q u a d r u p o l e coup l ing c o n s t a n t s of n i t r y l c h l o r i d e . 
(c) . 
35 
Cl = N V 
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T a b l e 1 1 . C h a r a c t e r i s t i c s of C o n t r i b u t i n g Bond S t r u c t u r e s 
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dipole m o m e n t s w e r e c a l c u l a t e d in the m a n n e r i n d i c a t e d in P a u l i n g ' s 
c o m m e n t a r y , wi th n i t r y l c h l o r i d e m o l e c u l a r d i m e n s i o n s . 
An a n a l y s i s of the a c t u a l o r i g i n of the m o l e c u l a r d ipole m o m e n t 
i s a m o s t diff icult p r o b l e m in q u a n t u m m e c h a n i c s , c o m p l i c a t e d by p o l a r ­
i z a t i o n , o v e r l a p , and h y b r i d i z a t i o n e f f e c t s . S y r k i n and D y a t k i n a (56) 
ho ld tha t the d ipole m o m e n t due to the c o v a l e n t bond c h a r a c t e r a lone i s 
n e g l i g i b l e , e v e n in such d i s s i m i l a r - a t o m m o l e c u l e s a s H F . (This v i e w 
i s c o n t r o v e r s i a l . ) When ionic c h a r a c t e r i s i n c l u d e d in t h e i r a n a l y s i s , 
the r e s u l t a n t d ipole m o m e n t c a n be w r i t t e n 
u = u r ( x . + 2 n / x . x S) 1
 ^fx 1 1 c 
w h e r e i s the " f o r m a l " d ipole m o m e n t of the ion ic s t r u c t u r e , x^ i s the 
f r a c t i o n a l c o n t r i b u t i o n of the ion ic s t r u c t u r e , x i s the f r a c t i o n a l c o n t r i -
c 
bu t ion of the c o v a l e n t s t r u c t u r e , and S i s the o v e r l a p i n t e g r a l . The 
o v e r l a p t e r m wi l l be i g n o r e d in the p r e s e n t d i s c u s s i o n , wi th s o m e e n ­
c o u r a g e m e n t f r o m the fac t t ha t a l g e b r a i c and v e c t o r add i t i ons of d ipole 
60 
m o m e n t s a p p e a r to g ive r e s u l t s of the r i g h t g e n e r a l m a g n i t u d e . Th i s 
p r o c e d u r e i s fo l lowed a l s o by P a u l i n g (57) . 
If the m e a s u r e d p a r a m e t e r s l i s t e d in the l a s t c o l u m n of Tab le 11 
a r e r e g a r d e d a s the a r i t h m e t i c r e s u l t a n t s of r e s o n a n c e a m o n g the four 
s t r u c t u r e s c o n s i d e r e d , e a c h m a k i n g an a p p r o p r i a t e f r a c t i o n a l c o n t r i b u ­
t ion , four equa t ions in the f r a c t i o n a l we igh t s can be ob t a ined f r o m the 
t a b u l a r e n t r i e s . T h r e e of t h e s e a r e i ndependen t ; an a d d i t i o n a l cond i t ion 
i s tha t the s u m of the we igh t s be un i ty . S i m u l t a n e o u s so lu t ion of the 
equa t i ons g ives the fol lowing c o n t r i b u t i o n s : s t r u c t u r e s I, 4 8 . 4 p e r cen t ; 
s t r u c t u r e III, 3 1 . 1 p e r cen t ; s t r u c t u r e IV, 15 .2 p e r cen t ; s t r u c t u r e V, 
5 .3 p e r c e n t . The ne t f o r m a l c h a r g e s c a r r i e d by the a t o m s a r e : Cl , 
- 0 . 1 0 6 e; N, +0 .696 e; O(each) , - 0 . 2 9 5 e . The s m a l l n e g a t i v i t y of 
c h l o r i n e i s c o n s i s t e n t wi th the c h e m i c a l e v i d e n c e (16) . 
The c o n c e p t of r e s o n a t i n g s t r u c t u r e s i s of c o u r s e j u s t an a r t i f i c e 
for avo id ing q u a n t u m - m e c h a n i c a l c a l c u l a t i o n s tha t a r e too diff icult to be 
c a r r i e d out . In m o d e r n bond t h e o r y ef for t is be ing d i r e c t e d t o w a r d d e ­
v e l o p m e n t of m o r e v a l i d but m a n a g e a b l e a p p r o x i m a t i o n m e t h o d s . A 
m o l e c u l a r - o r b i t a l t r e a t m e n t , for e x a m p l e , h a s b e e n s u g g e s t e d by W. H. 
E b e r h a r d t (58) a s a s t e p t o w a r d a r e a l i s t i c i n t e r p r e t a t i o n of the bond 
s t r u c t u r e of n i t r y l c h l o r i d e . E x p e r i m e n t a l da ta for c r i t i c a l t e s t s of 
t h e o r i e s a r e not abundan t , b e c a u s e for m o s t m o l e c u l e s the s i m p l e s t 
bond s t r u c t u r e s c a n b e m a d e to a c c o u n t for the o b s e r v e d p a r a m e t e r s by 
a d j u s t m e n t of the a m o u n t of h y b r i d i z a t i o n and ionic c h a r a c t e r . It i s 
s u g g e s t e d tha t n i t r y l c h l o r i d e m a y be of i n t e r e s t in th i s r e g a r d 
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b e c a u s e the l a r g e q u a d r u p o l e coupl ing and s m a l l d ipole m o m e n t r e s t r i c t 
the l a t i t u d e of a d j u s t m e n t of t h e s e p a r a m e t e r s to a g r e a t e r d e g r e e than 
in m o s t o t h e r m o l e c u l e s c o n s i d e r e d . 
C H A P T E R VI 
CONCLUSIONS 
A p l a n a r m o l e c u l a r f o r m wi th oxygen a t o m s s i t u a t e d s y m m e t r i ­
c a l l y wi th r e s p e c t to the a x i s of l e a s t m o m e n t of i n e r t i a i s e s t a b l i s h e d 
by the a b s e n c e of t r a n s i t i o n s invo lv ing s t a t e s a n t i s y m m e t r i c wi th r e ­
s p e c t to i t - r o t a t i o n abou t tha t a x i s . The r e m a i n i n g a l l o w e d t r a n s i t i o n s 
do not a lone p e r m i t a c c u r a t e m e a s u r e m e n t of the r o t a t i o m i l c o n s t a n t s ; 
for a s t r o n g d e t e r m i n a t i o n i t i s n e c e s s a r y to i m p o s e the a d d i t i o n a l c o n ­
di t ion I - I - L = 0, wh ich ho lds for a r i g i d p l a n a r r o t o r . The e f f ec -
c a D 
t ive r i g i d - r o t o r r o t a t i o n a l c o n s t a n t s e x h i b i t e d in the J: 2 -» 3 t r a n s i t i o n s 
a r e the fo l lowing: A = 13, 250 Mc, B = 5, 173. 11_ Mc, C = 3, 721 ._13_ Mc 
( N O z C l 3 5 ) ; A = 13, 250 Mc, B = 5, 018._97 Mc, C = 3, 640 . 3J5 Mc 
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(NO^Cl ). T h e s e c o n s t a n t s p r e d i c t a c c u r a t e l y the f r e q u e n c i e s of a l l 
t r a n s i t i o n s o b s e r v e d in t h i s i n v e s t i g a t i o n and e l s e w h e r e ; s m a l l r e s i d u a l 
d i f f e r e n c e s a r e a t t r i b u t a b l e to c e n t r i f u g a l d i s t o r t i o n . 
M o m e n t s of i n e r t i a g iven by the r i g i d - r o t o r r o t a t i o n a l c o n s t a n t s 
c o r r e s p o n d to a Y - s h a p e d m o l e c u l a r s t r u c t u r e wi th a c e n t r a l n i t r o g e n 
n u c l e u s ; d (N-Cl ) = 1.830 ± 0 . 0 1 A, d(N-O) = 1. 207 ± 0 . 0 1 A, ONO ang le 
= 129. 5° ± 1 ° . A d i a m o n d (or " k i t e " ) c o n f i g u r a t i o n wi th the s a m e m o ­
m e n t s of i n e r t i a i s r e j e c t e d ; i t l e a d s to a b s u r d i t i e s in the bond s t r u c ­
t u r e . 
The h y p e r f i n e s t r u c t u r e s of a l l o b s e r v e d t r a n s i t i o n s a r e p r e d i c ­
t ed a c c u r a t e l y by the f i r s t - o r d e r t h e o r y of n u c l e a r q u a d r u p o l e i n t e r a c t i o n . 
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Coupl ing c o n s t a n t s ob t a ined t h r o u g h s t a t i s t i c a l f i t t ing of the J : 2 -* 3 
t r a n s i t i o n s a r e the fol lowing: X = - 9 4 . 7 0 Mc, XRR = 5 2 . 4 Mc, X -
° aa — B B — cc 
4 2 . 3 Mc (NCXC1 3 5 ) ; and X = - 7 4 . 58 Mc, X , , = 4 1 . 3 Mc, X = 3 3 . 3 Mc 
— c a a — B B — cc — 
( N 0 2 C 1 3 7 ) . 
A n a l y s i s of the S t a r k effect of the J t : 2^ ~ * 3 Q t r a n s i t i o n of 
N O ^ C l 3 ^ d i s c l o s e s a l a r g e i n t e r a c t i o n b e t w e e n the n e a r l y - d e g e n e r a t e 
2^ and 2^ r o t a t i o n a l s t a t e s ; s e c o n d - o r d e r t h e o r y and the m e t h o d of 
M i z u s h i m a a r e i n a c c u r a t e . The d i s p l a c e m e n t of the M^, = 7 / 2 c o m ­
ponent , h o w e v e r , shows no d e t e c t a b l e dev i a t i on f r o m tha t p r e d i c t e d by 
the n e a r - d e g e n e r a c y t h e o r y of Golden and Wi l son , and i n d i c a t e s a d ipole 
3 5 
m o m e n t of 0. 533 ± 0 . 0 1 debye for NO^Cl . The a b s e n c e of h i g h e r -
o r d e r e f fec ts of q u a d r u p o l e i n t e r a c t i o n i s a t t r i b u t e d to f o r t u n a t e p r o p e r ­
t i e s of the m a t r i x e l e m e n t s of the q u a d r u p o l e p e r t u r b a t i o n : the e l e m e n t s 
(2 | H | 2 ? ) v a n i s h in n i t r y l c h l o r i d e b e c a u s e the m o l e c u l a r e l e c t r o n i c 
1 q (L 
d i s t r i b u t i o n i s s y m m e t r i c a l to i r - r o t a t i o n about the c h l o r i n e - b o n d a x i s , 
and the e l e m e n t s ( 2 2 | H ^ | 2 2 ) a r e n e a r l y equa l to the e l e m e n t s ( 2 ^ | H ^ | 2 ^ ) . 
In s u c h s i t u a t i o n s the u s e of c o r r e c t d e g e n e r a t e - c a s e S t a r k e n e r g i e s in 
the d i agona l e l e m e n t s of the M i z u s h i m a s e c u l a r d e t e r m i n a n t s h o u l d p r o ­
v ide an a d e q u a t e c o r r e c t i o n to the t h e o r y ; t h i s e x p e c t a t i o n i s c o n f i r m e d 
by the d i s p l a c e m e n t s of the M j , = 5/2 c o m p o n e n t s . 
T h e ONO g r o u p in n i t r y l c h l o r i d e h a s the s a m e c o n f i g u r a t i o n a s 
in o t h e r c o m p o u n d s . The N - C l d i s t a n c e , h o w e v e r , i s s o m e w h a t l o n g e r 
t han e x p e c t e d , the q u a d r u p o l e coup l ing c o n s t a n t s a r e u n u s u a l l y c l o s e 
to t h o s e of a t o m i c c h l o r i n e , and the m o l e c u l a r d ipole m o m e n t i s m u c h 
s m a l l e r t han i s o r d i n a r i l y a s s o c i a t e d wi th the n i t r o - g r o u p . T h e s e 
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f e a t u r e s can be a c c o u n t e d for by the r a t h e r c r u d e c o n c e p t of q u a n t u m -
m e c h a n i c a l r e s o n a n c e a m o n g the fol lowing bond s t r u c t u r e s in the p ro ­
p o r t i o n s i n d i c a t e d : 
Cl — N Cl N v 4 8 . 4 % 
Cl N 3 1 . 1 % 
Cl N 1 5 . 2 % 
Cl — N 5. 3 % 
The m o l e c u l e m a y be of i n t e r e s t for t e s t s of m o d e r n bond t h e o r i e s b e ­
c a u s e i t s l a r g e q u a d r u p o l e coup l ing and s m a l l d ipole m o m e n t r e s t r i c t 
the l a t i t u d e of a d j u s t m e n t of bond p a r a m e t e r s to a g r e a t e r d e g r e e t h a n 
in m o s t o t h e r m o l e c u l e s c o n s i d e r e d . 
A P P E N D I C E S 
A P P E N D I X A 
T H E O R Y O F T H E RIGID ASYMMETRIC R O T O R 
An out l ine of the d e v e l o p m e n t of the q u a n t u m - m e c h a n i c a l t h e o r y 
of the r i g i d a s y m m e t r i c r o t o r h a s b e e n g iven in C h a p t e r I. In th i s 
a p p e n d i x the f u n d a m e n t a l s of t he t h e o r y a r e d e r i v e d and o t h e r a p p l i c a b l e 
r e s u l t s a r e c o l l e c t e d in s u m m a r y . 
The a s y m m e t r i c r o t o r h a s b e e n t r e a t e d v e r y e x t e n s i v e l y in the 
l i t e r a t u r e . The o r i g i n a l p a p e r s a r e r e v i e w e d and s u p p l e m e n t e d in 
r e c e n t a r t i c l e s by N i e l s e n (59) and Van W i n t e r (60), and p r a c t i c a l r e ­
s u l t s of the t h e o r y a r e d i s c u s s e d in s e v e r a l t e x t s (61 , 62, 63) . T h e s e 
r e s u l t s a r e we l l known a n d have found w i d e s p r e a d a p p l i c a t i o n in the 
a n a l y s i s of m o l e c u l a r s p e c t r a . H o w e v e r , the t h e o r y i t se l f i s g e n e r a l l y 
r e g a r d e d a s qu i t e diff icul t . Van Win te r n o t e s t ha t " the o r i g i n a l l i t e r a ­
t u r e i s no e a s y r e a d i n g , . . . wh ich m a y exp l a in the fac t t ha t a d i s c u s s i o n 
of the s u b j e c t i s want ing in the t e x t b o o k s . " F o r t h i s r e a s o n the d e r i v a ­
t ion of the e l e m e n t s of the a s y m m e t r i c r o t o r e n e r g y m a t r i x i s p r e s e n t e d 
in de t a i l h e r e . It i s shown to be a s i m p l e p r o b l e m (a l though lengthy) 
which can be h a n d l e d wi th only the m o s t e l e m e n t a r y wave m e c h a n i c s . 
The e n e r g y m a t r i x e l e m e n t s a r e o b t a i n e d by m a n i p u l a t i o n of 
the r o t o r S c h r b d i n g e r e q u a t i o n . A s i m i l a r a p p r o a c h w a s t a k e n by W i t m e r 
(64) in 1927 and w a s fo l lowed t h r o u g h to a g e n e r a l s o l u t i o n by Wang (1) in 
1929. (Van W i n t e r ' s c o m m e n t i s p a r t i c u l a r l y a p p r o p r i a t e to t h e s e 
p a p e r s , l a r g e l y b e c a u s e of t h e i r c r y p t i c b r e v i t y and c o m p l i c a t e d 
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notation. ) This procedure is admittedly crude compared to the more 
c o m m o n one, used for example by King,Hainer, and Cross (3), based 
upon the quantum-mechanical theory of angular momentum. There the 
energy matrix elements are obtained almost immediately from the com­
mutation relationships among the angular m o m e n t u m operators. This 
powerful and compact treatment is undoubtedly the one best suited for 
earnest theoretical work. However, it provides little direct insight into 
the asymmetric rotor problem because in it all of the physics is concen­
trated in the angular m o m e n t u m theory and the application to the rotor 
is almost trivial. 
The wave equation.—The orientation of the inertia ellipsoid of a rigid 
body can be specified as indicated in Figure 10, by the Euler angles 
Q,X><P relating a body-fixed coordinate system xyz to the space-fixed 
axes X Y Z (65). Let x, y, z lie along the principal axes of the inertia 
ellipsoid, setting aside for the moment the notation a, b, c which has 
been used previously to identify specifically the axes of least, inter­
mediate, and greatest moments of inertia respectively. The kinetic 
energy of the classical rotor is then 
T = 4(1 oo2 + I O J 2 + I oo2) . z x x y y z z ( A - l ) 
CO 
X = X sin 9 sin <P + 9 cos <P (A-2) 
= X sin 9 cos <P - 9 sin <P 
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Conventions: 
6 is measured from positive Z axis to positive z axis, counterclock­
wise about line of nodes. The sense of rotation thus defines the 
positive terminus of the line of nodes. 
X is measured from positive X axis to positive terminus of line of 
nodes, counterclockwise about Z axis. 
<p is measured from positive terminus of line of nodes to positive x 
axis, counterclockwise about z axis. 
Figure 10 . Euler Angles Relating a Body-Fixed Coordinate 
System to Space-Fixed Axes. 
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co = X cos 9 + q> 
z 
Subs t i tu ion of t h e s e e x p r e s s i o n s in ( A - l ) g ives the k ine t i c e n e r g y in 
t e r m s of the g e n e r a l i z e d c o o r d i n a t e s a n d v e l o c i t i e s : 
T(q, q) = \ j ( I x c o s 2 cp + I y s i n 2 <p) 9 2 (A-3) 
+ (I - I ) s in 9 s i n 2<p 9X v
 x y Y 
+ [( I s i n 2 <p + I c o s 2 q>) s i n 2 9 + 1 c o s 2 9] X 2 
x y z 
+ 21 c o s 9 X'<p + I £ 
z z 
L e t I = 4(1 + I ) J I , = 4 ( 1 - I ) • ( A ~ 4 ) s 2 V y x ' d 2 V y x v 
Then T(q, q) = y j^(Ig - I d c o s 2<p) 9 2 - 2 I d s i n 2<p s in 9 9X (A-5) 
+ [ (I + I cos 2<p) s i n 2 9 + 1 c o s 2 9] X 2 
S Q Z 
+ 21 cos 9 X<? + I yZ 
Z z 
F o r t r a n s l a t i o n to q u a n t u m m e c h a n i c s , h o w e v e r , the k ine t i c e n e r g y m u s t 
b e e x p r e s s e d not in t e r m s of the g e n e r a l i z e d c o o r d i n a t e s and v e l o c i t i e s 
but in t e r m s of the c o o r d i n a t e s a n d the g e n e r a l i z e d m o m e n t a : 
9 T * " 
P Q = 9"e~= (* s " *d c o s 2 ( p ^ ® "~ *d s i n Z<f> S * n 9 ^ ( A - 6 ) 
9T p = -XT- = 1 <p + I c o s 9 X r<p dcp z z 
9 T " * 
Px = = - 1 ^ s in 2(p s in 9 9 + 1^ c o s 9 <J> 
2 2 • 
+ [ ( I g + I d c o s 2<p) s in 9 + I c o s 9] X . 
7 0 
By a p p l i c a t i o n of C r a m e r ' s r u l e , th i s s e t m a y be i n v e r t e d for the 
v e l o c i t i e s in t e r m s of the m o m e n t a : 
6 = 1 
( I 2 - I 2 ) s i n 2 6 v
 s d' 
( I g + 1 ^ cos 2<p) s i n 2 0 p 9 ( A - 7 ) 
+ ( 1 ^ s in 2(p s in 9 ) ( - c o s 9 + p^,) J> , 
1 
( I 2 - I 2 ) s i n 2 9 
s d 
I d s in 2<p s i n 9 cos 9 p ^ 
+ ( I g - I d co s 2<p)(cos 9 - cos 9 py) 
x = 
i 
( I 2 - I 2 ) s i n 2 9 1
 s d 
1 ^ s in 2cp s i n 9 p^ 
- ( I g - I d c o s 2<p)(cos 9 p^ - p^) 
1 • 
Not ing t h a t T = -^"(PQ 9 + p^ <p + p^ X) a n d s u b s t i t u t i n g , one o b t a i n s : 
T ( P ' ^ = — 2 T 2 ~ ~ 
2 ( I 2 - I 2 ) s i n 2 9 
( I g + I d cos 2<p) s i n 2 9 p 2 ( A - 8 ) 
- 2 I d s in 2<p ( s in 9 cos 9 p ^ p^ - s i n 9 p^ p^,) 
+
 ^ s ~ *d C O S Z(P^cosZ 6 ~ 2 0 0 8 9 P<p Px + P ^ 
' I T * 
This e x p r e s s i o n i s a q u a d r a t i c f o r m in the g e n e r a l i z e d m o m e n t a , and 
i t c a n be a b b r e v i a t e d : 
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T (p ,q) =\ E a i i Pi Pi ' < A " 9 ) 
i j J J 
It wi l l be r e c o g n i z e d tha t the p r o c e d u r e t h r o u g h which the m a t r i x 
T a j j ] = JL ^ a s b e e n ob t a ined is p r e c i s e l y tha t of d e t e r m i n i n g the 
i n v e r s e of the s i m i l a r m a t r i x a s s o c i a t e d wi th T(q, q); tha t i s , if 
T ( q , q ) = j Z b q. q. , (A-10) 
ij J J 
t hen 
9T
 = P i = t r = E b ^ ^ . ( A - n ) 
If the p^ and q^ a r e r e g a r d e d a s t he e l e m e n t s of v e c t o r s _p_ and c[> then 
p = b q . (A-12) 
P r e m u l t i p l i c a t i o n by the i n v e r s e m a t r i x _b * g ives 
q ^ b ^ p , (A-13) 
o r 
% = l<&~\Pj • ( A ' 1 4 ) 
Subs t i t u t i on of (A-11) in (A-10) g ives 
i 
and f u r t h e r s u b s t i t u t i o n of (A-14) g ive s f ina l ly 
T (p .q ) = i E ( k " 1 ) i , Pi Pi • ( A ~ l 6 > 
ij J J 
C o m p a r i s o n of (A-16) wi th (A-9) c o n f i r m s t h a t a_ = b_ - 1 
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The f o r m of the wave e q u a t i o n a p p r o p r i a t e to a n o n - c a r t e s i a n 
c o o r d i n a t e s y s t e m , g iven by S c h r b d i n g e r in the t h i r d of h i s o r i g i n a l 
p a p e r s (67, 68) and u s e d by R e i c h e and R a d e m a c h e r (69) in t h e i r t r e a t ­
m e n t of the s y m m e t r i c r o t o r , i s the fol lowing: 
^ 4 I ^ A P 4 l r l > - v ( q k ) , / / + E , / / = 0 ' < A " 1 7 ) 
w h e r e the quan t i t y A is the d i s c r i m i n a n t of the q u a d r a t i c f o r m 
i 1 i 1 3 | | 
T ( p , q ) ; t ha t i s , the d e t e r m i n a n t _a| = {-^J |a. | . In the d e r i v a t i v e s 
, the m o m e n t a p ^ a r e to be r e p l a c e d by w h e r e v e r they 
k k 
a p p e a r in the c l a s s i c a l e x p r e s s i o n s for the d e r i v a t i v e s . 
E v a l u a t i o n of the d i s c r i m i n a n t g ives 
( y ) 3 1*1 = RR-^— — = L- — . (A-18) 
8 I (I - l j ) s i n 9 8 I I I s in 9 
z s d x y z 
3 T 
F o r the o p e r a t o r s one o b t a i n s : 
-#^ =
 7 \ X— \ (I + I , c o s Z<P) s i n 2 9 4-7T" (A- 19) 3 p f t / T 2 T 2 x . 2 ] s d 9 0 9 (I - I , ) s i n 0 I v
 s d v 
- 1^ s in ZCP ( s in 0 cos 0 - s in 0 -GG) 
W = ~ Z — X - T 7 1 ~ LDSIN Z(P s i n 0 c o s 9 89 R<P (I - I , ) s i n 0 
s d 
+ ( I s - I d c o s 2<p)(cos 9 ^ - c o s 0 - ^ , 
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3 T 1
 T . , . Q dU/ (A-19) 
op..
 /T2 T2X . 2 ] d Y 3 0 c o n t ' d . ( I g - I d ) s i n 0 1 
+ (I - I , cos 2<p)(-cos 0 1^- + |^ ) 
s d Y / x 9 <p «X 
With t h e s e s u b s t i t u t i o n s , and wi th V = 0 for the f i e l d - f r e e c a s e , t he 




 /T2 T2. . n (I - I ,) s in 0 
s d 
^ 1 ( I s + I d c o s 2<p)sin e|*
 (A_20) 
- I d sin 2<p (cos 0 ^ - ^ ) S + _ ^ _ i d S l n 2? cos 0 g £ 
2 
,
 / T T ~> w cos 0 8i// co s 0 3*£\ + (I - I , COS Zip )( : r— - —• TT -srr) 
* s d ^ M s in 0 dip s i n 0 8X 
a<?J ax I 2 2 +
 ~1 s l n G af f +DX< Id s i n 2^a0 
z 
1 /T X
 9 W cos 0 a^  , 1 a^ x 
+ (I - I , cos 2<p)(-— : —r ^ + — : — 7 - -str ) x
 s d Y s m 0 3<p s m 0 3X 
By c a r r y i n g out the i n d i c a t e d d e r i v a t i v e s and g roup ing t e r m s in v a r i o u s 
w a y s one c a n a r r i v e a t a n u m b e r of e q u i v a l e n t e x p r e s s i o n s for the w a v e 
equa t ion , i nc lud ing the one u s e d by W i t m e r (64) and by Wang (1). H o w ­
e v e r , the fol lowing f o r m i s m o r e e a s i l y i n t e r p r e t e d : 
74 
n ' i a , .
 Q a i l / *s - < W 
+ c o s 2 9 a 2 i / / i a 2 i / /
 ? c o s 9 a 2 ^ 
. 2 .
 a 2 . 2 Q a v 2 ~ . 2_ a<?ax 
s i n 9 oy s m 9 8X s m 9 r 
I d
 J 9 1 a . .
 n 3]2/, ^ c o s 2 9 a_jl/ 
F r C O S 2 H sTn~9 3 9 ( s m 6 39> + ~~T~~ T z 
s L s m 9 o<p 
+ 
+ L _ _ s 3 k _
 2 COB 9 &u _
 2 a f j ^ 
s i n 2 9 a X 2 s i n 2 9 d < p d X 8 9 2 
+ 2 s i n 2<p c o s 9 a
2
^ 1 8 2 l / / 
s i n 9 dBd<p s in 9 3 98X 
+ LL + cos 9 v 8i// c o s 9 3 ^ / 
+ l 2 + . 2 _ ' d<p . 2 . a x 
s in 9 r s m 9 
+ El// = 0 
(A-21) 
F o r 1^ = 0, a l l of the b r a c k e t e d e x p r e s s i o n beyond the s e c o n d l ine 
v a n i s h e s . The r e m a i n i n g e x p r e s s i o n wi l l be r e c o g n i z e d a s the wave 
e q u a t i o n for the s y m m e t r i c r o t o r (69, 70, 7 1 , 72) wi th I g = 1^ = I . 
In t h i s c a s e <p and X a r e c y c l i c c o o r d i n a t e s , and the e q u a t i o n s e p a r a t e s 
wi th the s u b s t i t u t i o n 
^ = U = 0(8) eiK* e i M X , T s y m v ' (A-22) 
w h e r e K and M m u s t be i n t e g e r s o r z e r o to s a t i s f y the r e q u i r e m e n t 
t h a t the wave func t ion be s i n g l e - v a l u e d . The s u b s t i t u t i o n y i e l d s t he 
fol lowing d i f f e r e n t i a l e q u a t i o n for 0 ( 9 ) : 
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1 d . . . dO x 
"sTrTe de ( s m 9 "5e> (A-23) 
(M - K c o s 9) . s
 T ,2 s 
s in 9 z n 
e = 0, 
Solu t ions of th i s e q u a t i o n a r e e x p r e s s i b l e in t e r m s of h y p e r g e o m e t r i c 
s e r i e s . The s e r i e s m u s t t e r m i n a t e if 0 i s to r e m a i n f in i te a t a l l 
v a l u e s of 9, a n d t h i s r e q u i r e s (69, 70, 72) tha t 
E 
s 2 
J ( J + 1) + K 2 
s z s 
J = 0, 1, 2, 
(A-24) 
w h e r e \ J >_ K| 
Ml 
F o r the g e n e r a l c a s e 1^ ^ 0 the c o o r d i n a t e X i s s t i l l cyc l i c in 
(A-21) , s o tha t \\j c an be w r i t t e n 
if/ = F ( 9 , <p) e iMX (A-25) 
No s i m p l e f u r t h e r s e p a r a t i o n of v a r i a b l e s i s p o s s i b l e . W a n g ' s m e t h o d 
of so lu t ion c o n s i s t s in expand ing ;// in a l i n e a r c o m b i n a t i o n of s y m m e t r i c 
r o t o r e igen func t ions U j ^ . ^ , c o n s t r u c t i n g the H a m i l t o n i a n m a t r i x in the 
U r e p r e s e n t a t i o n , a n d so lv ing the c o r r e s p o n d i n g s e t of s i m u l t a n e o u s 
l i n e a r e q u a t i o n s for the e n e r g y e i g e n v a l u e s a n d the e x p a n s i o n coe f f i c i en t s 
The s u c c e s s of t h i s m e t h o d in giving an e x a c t so lu t i on l i e s in the fac t 
t ha t e a c h \f/ i s e x p r e s s i b l e in t e r m s of a f in i te n u m b e r of U func t ions 
hav ing the s a m e J and M. 
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T e c h n i q u e of s o l u t i o n . — T h e a p p r o a c h j u s t ou t l ined l i e s whol ly wi th in 
the f r a m e w o r k of b a s i c wave m e c h a n i c s , a l t hough in c o n f o r m i t y wi th 
conven t ion c e r t a i n m a t r i x t e r m i n o l o g y h a s b e e n u s e d . The m e t h o d , 
d e v e l o p e d by P . S. E p s t e i n in 1926, i s d e s c r i b e d qu i t e s i m p l y by 
P a u l i n g and Wi l son (73). 
A s s u m e t h a t \\j c a n be r e p r e s e n t e d by a f in i te e x p a n s i o n of the 
f o r m 
^ J M = g a J K U J K M - ( A - 2 6 > 
The s e t of U T T / . , r e s t r i c t e d to p a r t i c u l a r v a l u e s of J and M i s not a J K M r 
c o m p l e t e b a s i s for the r e p r e s e n t a t i o n of an a r b i t r a r y funct ion of the 
E u l e r a n g l e s , but i t wi l l p r o v e suf f ic ient for e x a c t r e p r e s e n t a t i o n of 
the l / / funct ion of the s a m e J and M. 
W r i t e the o r t h o n o r m a l U T T _ , , func t ions in the f o r m 
J K M 
The f a c t o r 1/(2TT) m a k e s ^ J - J ^ ^ s e p a r a t e l y n o r m a l i z e d ; tha t i s , if 
U J ' K ' M ' U J K M d v 6 J , K , M I , J K M , (A-28) 
w h e r e dv = s in 0 d0 dtp dX 
0: 0 - » TT 
<p\ 0 -* 2TT 
X: 0 - * 2 T T 
* I I I I The u n r e s t r i c t e d s e t wi th J, | K | , | M | r a n g i n g f r o m z e r o to 




s in 9 d0 = 1 . (A-29) 1 4 i 0 J K M 
The we igh t ing funct ion s in 0 w a r r a n t s c o m m e n t . In the 
Schr t fd inger f o r m u l a t i o n (74) of the e q u a t i o n (A-17) , the e igenfunc t ions 
a r e r e q u i r e d to s a t i s fy a n o r m a l i z a t i o n i n t e g r a l in which the " v o l u m e 
e l e m e n t " of the c o n f i g u r a t i o n s p a c e i s A^ 2 dq^. . . dq. n- In the p r e s e n t 
p r o b l e m , f r o m (A-18) , 
i_ 
dv = 8(1 I I ) 2 s in 6 d0 dv dX . (A-30) 
x y z 
The c o n s t a n t f a c t o r i s i m m a t e r i a l s i n c e i t i s r e m o v e d in the n o r m a l i ­
z a t i o n p r o c e s s . One c a n a l s o o b s e r v e tha t in a S t u r m - L i o u v i l l e p r o b l e m 
with e q u a t i o n 
£ (p(x) - q(x) y + Xp(x) y = 0 (A-31) 
the c h a r a c t e r i s t i c - f u n c t i o n s o l u t i o n s a r e o r t h o g o n a l only wi th r e s p e c t 
to the we igh t ing funct ion p(x) . (75) If (A-23) i s put in the f o r m of 
(A-31) , t hen p(0) = s i n Q. Thus the i n c l u s i o n of s i n 0 in the v o l u m e 
e l e m e n t i s a n a u t o m a t i c c o n s e q u e n c e of t he r e q u i r e m e n t t ha t the s y m ­
m e t r i c r o t o r e igen func t ions be s u i t a b l y o r t h o n o r m a l . 
If the wave equa t ion i s now w r i t t e n 
H
^ J M - E ^ M = 0 (A-32) 
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w h e r e H i s the n e g a t i v e of the b r a c k e t e d o p e r a t o r in (A-21) , the s u b s t i ­
tu t ion of (A-26) g i v e s 
M u l t i p l i c a t i o n by *J j - ^ . , j^.dv a n c * i n t e g r a t i o n o v e r the c o n f i g u r a t i o n s p a c e 
g ives 
w h e r e the " m a t r i x e l e m e n t " ( J K ' M | H | JKM) i s the i n t e g r a l 
(JK*M|H| JKM) = C U* , M H U T K M s in 9 d6 &<p dX . (A-35) 
Since K r a n g e s f r o m - J to + J, i nc lud ing z e r o , the l i n e a r c o m b i n a t i o n 
(A-34) h a s 2J+1 t e r m s ( s o m e of wh ich , h o w e v e r , wi l l v a n i s h ) . F u r t h e r ­
m o r e , t h e r e wi l l b e 2J+1 d i f f e ren t l i n e a r c o m b i n a t i o n s c o r r e s p o n d i n g 
to the p o s s i b l e c h o i c e s of K' . C o n s e q u e n t l y (A-34) a m o u n t s to 2J+1 
s i m u l t a n e o u s l i n e a r e q u a t i o n s in 2J+1 unknown a j j ^ ' s . 
If one c a n e v a l u a t e a l l the i n t e g r a l s of the f o r m (A-3 5) to ob t a in 
s i m p l y a n u m b e r for e a c h ( J K ' M | H | JKM), so lu t i on for the unknown 
A J K * S b e c o m e s J u s t a p r o b l e m in a l g e b r a . It i s w e l l known tha t s u c h a 
s e t of l i n e a r e q u a t i o n s h a s a s i m u l t a n e o u s s o l u t i o n only if t he d e t e r m i ­
nan t of the coe f f i c i en t s of the unknowns v a n i s h e s . H e r e , expand ing the 
d e t e r m i n a n t a n d equa t ing t he r e s u l t to z e r o g i v e s a s e c u l a r e q u a t i o n of 
o r d e r 2J+1. Th i s equa t ion h a s 2J+1 r e a l r o o t s , the e i g e n v a l u e s of E 




a s y m m e t r i c - r o t o r e n e r g i e s a r e a l l tha t one w a n t s to know. H o w e v e r , 
the wave funct ion ^j Tj^j- c o r r e s p o n d i n g to a p a r t i c u l a r e i g e n v a l u e E j T 
can be ob t a ined by i n s e r t i n g E j T e x p l i c i t l y in the s i m u l t a n e o u s e q u a t i o n s 
and so lv ing for the a j T j ^ ' s - The i ndex T, u s e d h e r e to d i s t i n g u i s h a m o n g 
the 2 J + 1 E j ' s and ^ j ^ ' 8 ' ^ s n ° t a q u a n t u m n u m b e r and h a s no p h y s i c a l 
s i g n i f i c a n c e . By conven t ion t he s t a t e s a r e n u m b e r e d f r o m T = - J to 
T = + J in the o r d e r of i n c r e a s i n g e n e r g y . 
B e c a u s e of the f a c t o r i z a t i o n ( A - 2 5) the m a t r i x e l e m e n t s 
{ J K ' M | H | J K M ) a r e the s a m e for a l l M, and the e n e r g y e i g e n v a l u e s 
a r e t h e r e f o r e i n d e p e n d e n t of M in the f i e l d - f r e e c a s e . 
E v a l u a t i o n of the H a m i l t o n i a n m a t r i x e l e m e n t s . — T o e v a l u a t e the i n t e ­
g r a l s of the f o r m ( A - 3 5), f i r s t e x a m i n e the effect of a l lowing H to 
o p e r a t e on UJJ^^.. ^ ^ J K M * S ^ e n e & a ^ v e °f the e x p r e s s i o n ( A - 2 1 ) , 
exc lud ing the E t e r m , wi th \L> r e p l a c e d by UJJ^J^* Note tha t ^ U j ^ . ^ . c a n 
be w r i t t e n in two p a r t s : H U T T . , , + ( I , / I )H U , . , . , , c o r r e s p o n d i n g to r
 s J K M d s ' a J K M R~ & 
the f i r s t two l i n e s and l a s t four l i n e s of ( A - 2 1 ) r e s p e c t i v e l y . Now H 
s 
i s the H a m i l t o n i a n for a s y m m e t r i c r o t o r wi th I r e p l a c e d by I -
s s 
( I 2 / I g ) ; t h e r e f o r e ^ g ^ j p r - ^ I S J U S T ^ J K M m u l ^ P ^ e d by a quan t i t y o b ­
t a i n e d by m a k i n g t he s a m e r e p l a c e m e n t in ( A - 2 4 ) : 
H u _ = * i - = X (A-36) 
s J K M
 2 [ L G _ ( I 2 / I G ) ] 





U J K M 
8 0 
F u r t h e r m o r e , the f i r s t two l i n e s of H r e d u c e to 
a 
- c o s Zip H 
s 21 
2 . 2 + 
z a<? 2 i - ( i 2 / i ) a o 2 
T
 s x d s 
( A - 3 7 ) 
wh ich s i m p l i f i e s the s u b s t i t u t i o n . If now UJJ^J^J- 1 S f a c t o r e d in the f o r m 
( A - 2 7 ) and s i n Zip, co s Zip a r e r e p l a c e d by t h e i r e q u i v a l e n t e x p o n e n t i a l 
e x p r e s s i o n s , one ob ta ins upon c a r r y i n g out the d i f f e r en t i a t i ons and r e ­
g roup ing t e r m s : 
H U 
J K M
 2 [ I - ( I 2 / I )] L
 s x d s J X 
( A - 3 8 ) 
\ ~ ( I d / I s ) 2 J(J+1) + ( j - l)¥T U J K M 
1 i(K+2)<p iMX^ ... 1 i(K-2)<p i f ( 6 ) 2 r 7 e 6 + g ( e ) " 2 T e e MX 
w h e r e 
d
 Q M - K cos 9 
d9 J K M s in 9 J K M ( A - 3 9 ) 
- i - [ - J ( J + D + K ( K + D ] e J K M 
M - K cos 9 
d9 J K M s in 9 
0 
J K M 
- 4 [ - J ( J + 1 ) + K ( K - l ) ] 0 
J K M 
( A - 4 0 ) 
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The c r u x of W a n g ' s so lu t i on i s the proof tha t the func t ions f(9) and g(9) 
a r e j u s t the © f u n c t i o n s for K+2 and K-2 r e s p e c t i v e l y , m u l t i p l i e d by 
c o n s t a n t s : 
f(8) = - y [ ( J - K - l ) ( J - K ) ( J + K + l ) ( J + K + 2 ) ] 2 0 J, K+2, M (A-41) 
g ( 9 )
 ~jl ( J + K - l ) ( J + K ) ( J - K + l ) ( J - K + 2 ) ] 2 0 J ) K _ 2 ) M (A-42) 
Wang e s t a b l i s h e s th i s i den t i f i c a t i on by w o r k i n g wi th the h y p e r -
g e o m e t r i c func t ions in t e r m s of which e x p l i c i t s o l u t i o n s of (A-23) c a n 
be e x p r e s s e d . The r e d u c t i o n fol lows f r o m c e r t a i n r e l a t i o n s , d e v e l o p e d 
by G a u s s , a m o n g h y p e r g e o m e t r i c func t ions and t h e i r d e r i v a t i v e s . Th i s 
a p p r o a c h , h o w e v e r , i nvo lves a n i n t r i c a t e c h a i n of s u b s t i t u t i o n s and r e ­
q u i r e s c o n s i d e r a t i o n of n ine s e p a r a t e c a s e s of the r e l a t i v e m a g n i t u d e s 
of K and M. A m o r e a t t r a c t i v e p r o c e d u r e i s to d e r i v e ( A - 4 1 , 42) d i r e c t ­
ly f r o m the © w a v e equa t ion (A-23) , which wi th s u b s t i t u t i o n of E f r o m 
s 
(A-24) t a k e s the fol lowing f o r m : 
1 d
 ( s in 6 0') = 0" + - C 4 ^ 4 0 I 
s in 9 d6 s in 9 (A-43) 
(M - K^cos 9) _
 J ( J + 1 ) + K 2 
s in 9 
0 
w h e r e (') m e a n s -rr-, and 0 = 
v
 d9 J K M 
It w i l l f i r s t be shown tha t f(9) s a t i s f i e s an e q u a t i o n of t h e type 
(A-43) wi th K r e p l a c e d by K+2. In add i t i on to the f o r m of f(9) e x p r e s s e d 
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by (A-39) , i t wi l l be c o n v e n i e n t to u s e an a l t e r n a t e f o r m ob t a ined by 
c a r r y i n g out the d i f f e r en t i a t i on i n d i c a t e d in (A-39) and s u b s t i t u t i n g for 
O n f r o m ( A - 4 3 ) . 
f ( 0 ) _ M - (K+l) cos 8 
s in 9 0 . + M - K cos 9 e 
s in 0 
(A-44) 
+ - | [ - J ( J+1 ) + K(K+1) ] O 
D i f f e r e n t i a t e (A-44) to ob ta in f' = [f(9)] : 
f i
 =
 M - (K+l) cos 8 d 
s in 9 d9 
0 .
 + M - K cos 8 Q 
s in 9 (A-45) 
+ 
(K+l) - M cos 9 
s m 8 
0 i
 + M - K cos 9 0 
s in 0 
+ 4 [ - J ( J + 1 ) + K(K+1)] e 
Now no te t h a t 
(K+l) - M cos 8 
2 
s in 0 
= (K+l) - cos 8 
s in 8 
M - (K+l) c o s 8 
s in 0 (A-46) 
and m a k e the s u b s t i t u t i o n s , f r o m (A-39) and (A-44) r e s p e c t i v e l y , 
d 
d8 0 i _ M - K c o s 8 Q 
s in 9 
= f + - | [ - J ( J + 1 ) + K ( K + 1 ) ] 6 ; (A-47) 
M - (K+l) cos 8 
s in 8 
0 .
 + M - K cos 9 Q 
s in 9 
= i - \ [ - J ( J + 1 ) + K ( K + 1 ) ] 0 
(A-48) 
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With r e g r o u p i n g of t e r m s , the r e s u l t i s 
f . = M - (K+2) cos 6 f 
s in 8 (A-49) 
+ •7 [ -J (J+1) + (K+2)(K+1)] e< + M - K cos 8
 0 
s in 8 
A f u r t h e r d i f f e ren t i a t i on of (s in 8)f' g i v e s : 
- r i - s -£r ( S i n Q f . ) = M - (K+2)cos 6 f 
s in 8 d8 v s in 8 x (A-50) 
+ | [ - J ( J + 1 ) + (K+2)(K+1)] 0, + M - K cos 8 e 
s in 8 
+ 
cos 8 
s in 8 0i +
 M
 -
 K c o s e
 0 
s in 8 
R e p l a c e f by the e x p r e s s i o n in (A-49 ) . 
^ - g - ^ ( s i n 6 f ) ^ M - < K + 2 2 ' C O s 6 1 f + ( K + 2 ) f 
s in 8 
(A-51) 
+ | [ - J ( J + 1 ) + (K+2)(K+1)] 0. + M - K cos 8 q 
s in 8 
+ 
M - ( K + l ) c o s 8 
s i n 8 
0.
 + M - K cos 8 Q 
s in 8 
F r o m (A-47) and (A-48) , the quan t i t y in b r a c e s i s j u s t 2f. T h e r e f o r e , 
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1
 -£r ( s in 9 f ) = 
s i n e d6 
(A-52) 
[ M - (K+2)cos e] _
 J ( J + 1 ) + ( K + 2 ) ; 
s in 8 
C o m p a r i s o n of t h i s e x p r e s s i o n wi th (A-43) shows tha t i t i s i d e n t i c a l to 
the s y m m e t r i c r o t o r wave equa t ion for 0 j t h e r e f o r e 
f(6) = N 6 J , K+2, M ' (A-53) 
w h e r e N i s a c o n s t a n t . B e c a u s e the G func t ions have b e e n t a k e n a s n o r ­
m a l i z e d in a c c o r d a n c e wi th (A-29) , the v a l u e of N c a n be d e t e r m i n e d by 
e v a l u a t i n g the i n t e g r a l 
rt 
f2 s in e de = N 2 © T xr±~> A , s i n 6 de = N 2 J , K+2, M (A-54) 
The i n t e g r a t i o n of f i s b e s t a p p r o a c h e d wi th the a i d of the i den t i t y 
£(f + n0)(f - n6) sin 6 de s 
J f 2 sin 9 d0 - n 2 J 0 2 sin 9 d9 
(A-55) 
w h e r e n i s a n a r b i t r a r y c o n s t a n t and 0 = 0-TT , , , , . Le t 
7
 J K M 
n = -~[ - J ( J + 1 ) + K(K+1)] (A-56) 
Ob ta in f + n 0 f r o m (A-47) and f - n B f r o m ( A - 4 8 ) . Use of (A-55) t h e n 
g i v e s 
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TL 
i f2 s in 9 d9 = N 2 = n 2 [ 0 2 s i n 6 d6 (A-57) 
+ ^ [ M - ( K + l ) c o s 9] , M - K cos 9 , . . _ + : T W I A 




 + M - K cos 9 d e 
s in 9 
0 
The f i r s t i n t e g r a l is uni ty , s i n c e 0 i s n o r m a l i z e d in a c c o r d a n c e wi th 
( A - 2 9 ) . The s e c o n d i n t e g r a l c a n be e v a l u a t e d by a s u c c e s s i o n of i n t e g r a ­
t ions by p a r t s ; the f i r s t s t e p in t h i s p r o c e s s y i e l d s : 
N 2 = n 2 - ^ ( K + l ) ^ [ © ' M - K c o s 9 
s in 9 ©J s in 0 d9 (A-58) 
4 [ M - (K+l )cos 9] j©' + M - K cos 9 s i n 9 • 1 
~l TT 
J o 
The i n t e g r a l t e r m , wi th the s q u a r e expanded , i s 
IT 
- ^ ( K + l ) ^ [ ( 0 1 ) 2 + 2 M - K cos 9 
s i n 9 0 0 (A-59) 
( M - K cos 9)
 Q 2 
• 2
 n s in 9 
s in 9 d9 
But a g a i n by p a r t s , 
J ( 0 ' ) 2 s i n 9 d9 = 0 0 ' s in 9 - ^ ® ( s i n © ©') <*9 (A-60) 
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With s u b s t i t u t i o n f r o m (A-43) for — (s in 9 © ') and i n s e r t i o n of the r e ­
su l t in (A-59) , the l a t t e r b e c o m e s : 
TT 
- y ( K + l ) | - [ - J ( J + 1 ) + K 2 ] y © 2 s in 9 d9 
TT 
+ 2 \ ( M - K cos 9 ) 0 © ' d9 + [ ©©' s in 9 ] 
J 0 0 
(A-61) 
Again by p a r t s , 
TT 
2 ( M - K c o s 9 )©©' d9 = - K \ © 2 s in 9 d9 4) ^0 (A-62) 
+ [ ( M - K cos 9) © ] 
TT 
0 
With t h i s s u b s t i t u t i o n in (A-61) , and wi th r e p l a c e m e n t of the © n o r m a l ­
i z a t i o n i n t e g r a l by uni ty a s b e f o r e , the i n t e g r a l t e r m of (A-58) b e c o m e s 
f ina l ly 
- y(K+l) J - n + ©©» s in 9 +[ (M - K c o s 9) © 2 ] 
TT 
(A-63) 
and the whole e x p r e s s i o n b e c o m e s 
N 2 = n 2 + - | ( K + l ) n + \ s in 0< [ e , + M - K c . , 8 e ] x ( A _ 6 4 ) 
[ M - (K+l) cos 9 / e , M - K cos 9 Q \ -(K+l) & ] 
L s m 9 \ s in 9 / J 
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It i s now n e c e s s a r y to e x a m i n e the b e h a v i o r of the e x p r e s s i o n involving 
© a n d i t s d e r i v a t i v e a t the end poin ts 0 and IT. C o m p a r e the e x p r e s s i o n 
in b r a c e s wi th the e x p r e s s i o n for f(6) in ( A - 4 4 ) . Al though the e x p r e s s i o n 
above c o n t a i n s s in 9 in the d e n o m i n a t o r , i t does so to l e s s e r d e g r e e than 
does f (9) . Now f(9) h a s b e e n p r o v e d to be a s y m m e t r i c r o t o r t h e t a 
e igenfunc t ion , and a l l s u c h funct ions a r e known to r e m a i n f in i te for a l l 
9, inc lud ing the end p o i n t s . (It w a s th i s r e q u i r e m e n t t h a t n e c e s s i t a t e d 
t e r m i n a t i o n of the h y p e r g e o m e t r i c s e r i e s by s p e c i f i c a t i o n of E g a s in 
( A - 2 4 ) . ) T h e r e f o r e the e x p r e s s i o n in b r a c e s m u s t a l s o r e m a i n f in i t e , 
a n d the a p p e a r a n c e of the f a c t o r s in 9 ou t s i de the b r a c e s i s suf f ic ient 
to m a k e the whole quan t i t y v a n i s h a t 0 and IT. Thus 
N 2 = n 2 + - | ( K + l ) n (A-65) 
=
 i | ^ - J ( J + 1 ) + K(K+1)] 2 + 2(K+1)[ - J ( J + 1 ) + K(K+1)] 
F a c t o r i n g the e x p r e s s i o n in b r a c e s and t ak ing the s q u a r e roo t , one 
ob ta ins f ina l ly , 
N = -±[ ( J - K - l ) ( J - K ) ( J + K + l ) ( J + K + 2 ) ] 2 , (A-66) 
which when i n s e r t e d in (A-53) a g r e e s ^ wi th (A-41 ) . The m a n i p u l a t i o n 
of g(9) to obta in (A-42) i s i d e n t i c a l to tha t of f(9) e x c e p t tha t M and K 
a r e r e p l a c e d by t h e i r n e g a t i v e s w h e r e v e r t h e y a p p e a r . 
^Wang found an i r r e g u l a r i t y of the s ign of N w h e n e v e r M - K = 1. 
To avo id i t he r e d e f i n e d the s y m m e t r i c r o t o r e igen func t ions , t ak ing t h e m 
to be the s o - c a l l e d "Van V l e c k " f u n c t i o n s . The l a t t e r a r e the o r d i n a r y 
e igenfunc t ions m u l t i p l i e d by ( - l ) x , w h e r e x i s the l a r g e r of M o r K. T h i s 
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I n s e r t i o n of (A-41) and (A-42) in (A-38) now g i v e s : 
HU rV 
J K M 
(A-67) 
*s ~ ( I d / I s ) 2 J (J+1) + ( j 5 - l)JC U J K M 
Ld 1 
- " T i l < J - K - l ) ( J - K ) ( J + K + l ) ( J + K + 2 ) ] 2 U J K + 2 > M 
Ld 1 
-T~£ ( J + K - l ) ( J + K ) ( J - K + l ) ( J - K + 2 ) ] 2 U J K _ 2 > M 
If t h i s e x p r e s s i o n i s m u l t i p l i e d on the left by U j , ^ , ^ , and i n t e g r a t e d 
in the m a n n e r of (A-3 5), i t i s c l e a r b e c a u s e of the o r t h o n o r m a l i t y c o n ­
di t ion (A-28) tha t a l l s u c h i n t e g r a l s v a n i s h e x c e p t when J ' = J, M' = M, 
and K' i s e i t h e r K, K - 2 , o r K+2. It i s t h i s c i r c u m s t a n c e wh ich p e r m i t s 
e x a c t e x p a n s i o n of an a s y m m e t r i c r o t o r e igenfunc t ion in t e r m s of a r e ­
s t r i c t e d s e t of s y m m e t r i c r o t o r e igen func t ions a s in (A-26) , and which 
c o n f i r m s tha t J and M a r e l e g i t i m a t e q u a n t u m n u m b e r s for c h a r a c t e r i ­
za t ion of a s y m m e t r i c r o t o r s t a t e s . 
i r r e g u l a r i t y h a s not a p p e a r e d in the p r e s e n t a p p r o a c h , wh ich h a s g iven 
only the m a g n i t u d e of N; the p o s i t i v e s ign of the s q u a r e r o o t in (A-66) 
was c h o s e n a r b i t r a r i l y . V a r i o u s t r e a t m e n t s differ in the c h o i c e of t h i s 
s ign , wh ich i s of c o n s e q u e n c e only in the d e t e r m i n a t i o n of c e r t a i n s y m ­
m e t r y p r o p e r t i e s of the e igen func t i ons ; c a r e m u s t be t a k e n to m a i n t a i n 
s e l f - c o n s i s t e n c y in t he a s s u m p t i o n s of t h e s e and o t h e r s i gn b e h a v i o r s . 
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The n o n - v a n i s h i n g i n t e g r a l s a r e the fol lowing: 
(J , K - 2 , M | H | JKM) = (A-68) 
4 i 2 - 1 2 
L. s d 
[ ( J + K - l ) ( J + K ) ( J - K + l ) ( J - K + 2 ) ] 
( J K M | H | JKM) = (A-69) 
1V 
i 2 - 1 2 
- s d 
i 2 - 1 2 
J(J+1) + ( j J ~ D K Z 
s z 
(J , K+2, M | H | JKM) = (A-70) 
4 
• s d J 
[ ( J - K - l ) ( J - K ) ( J + K + l ) ( J + K + 2 ) ] ' 
With r e i n t r o d u c t i o n of I and I f r o m (A-4) , 
x y \ #» 
(J , K - 2 , M H JKM) = (A-71) 
ZK I I 
x y 
[ ( J + K - l ) ( J + K ) ( J - K + l ) ( J - K + 2 ) ] 
( J K M | H | JKM) = (A-72) 
24 I 
x y 
J(J+1) + — i z4 I 
z x y 
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(J , K+2, M | H | JKM) = (A-73) 
1 
[ ( J - K - 1 ) ( J -K) (J+K+1) (J+K+2 )]"2 
In s o m e t r e a t m e n t s the " o f f - d i a g o n a l " m a t r i x e l e m e n t s (A-71) 
and (A-73) a p p e a r wi th p o s i t i v e i n s t e a d of n e g a t i v e s ign , the r e s u l t of 
the f r e e d o m of cho i ce of the s i gn of the s q u a r e r o o t in (A-66) o r of 
i n t e r c h a n g e of the x a n d y a x i s a s s i g n m e n t s in the def in i t ions of the 
E u l e r a n g l e s ( F i g u r e 10 ). The n e g a t i v e s i gn a g r e e s wi th Wang (1), 
Van W i n t e r (76) and o t h e r s . T h i s a m b i g u i t y does not affect the e n e r g y 
s o l u t i o n s , bu t i t c o m p l i c a t e s c o r r e l a t i o n of v a r i o u s t r e a t m e n t s w h e n 
one a t t e m p t s to e x a m i n e s y m m e t r y p r o p e r t i e s of the e i g e n f u n c t i o n s . 
Th i s poin t i s d i s c u s s e d in de t a i l by King, H a i n e r , and C r o s s (77) . 
C a l c u l a t i o n of e n e r g y l e v e l s . — T h e m a t r i x e l e m e n t s ( A - 7 1 , 72, 73) for a 
p a r t i c u l a r v a l u e of J now c a n be i n s e r t e d in the s e t of l i n e a r e q u a t i o n s 
(A-34) , and t h o s e e q u a t i o n s c a n be s o l v e d for the a l l o w e d e n e r g y l e v e l s 
in the m a n n e r d e s c r i b e d p r e v i o u s l y . One f inds in the l i t e r a t u r e a 
n u m b e r of t e c h n i q u e s , i nvo lv ing the i n t r o d u c t i o n of v a r i o u s " a s y m m e t r y 
p a r a m e t e r s , " for r e a r r a n g i n g the e q u a t i o n s to s i m p l i f y the m a t h e m a t i ­
c a l m e c h a n i c s of the s o l u t i o n . The m o s t v a l u a b l e of t h e s e i s t ha t of 
Ray (2) and King, H a i n e r , and C r o s s (3), b e c a u s e i t i s the b a s i s of 
s e v e r a l d i g i t a l - c o m p u t e r t a b u l a t i o n s of " a s y m m e t r i c r o t o r e i g e n ­
v a l u e s . " 
L e t a " r e d u c e d e n e r g y " E(K) be def ined in r e l a t i o n to the r o t o r 
e n e r g y E by the e x p r e s s i o n 
RV 




fT j(y-- y-)E(K) + j(-^- + ^)J(J+l) 
x y x y 
(A-74) 
If this substitution is made for E in the equations (A-34), the "diagonal" 
terms (K = K') become: 
a J R [ ( JKM|H| JKM)-E] = (A-75) 
4 
JK 2) 
I 2u I 
z x y 
K 2 - ±(± - ±)E(K) 
x y 
where (JKM|H| JKM) has been obtained from (A-72). The "off-
diagonal" terms in which (A-71) and (A-73) appear remain unchanged. 
N o w divide every term of each equation by 
and let 
2*1 I ' 
x y 
K = 
I ZKI I ;
_z x y 
1(J- _ J-) 
2*1 I ' 
x y 
(A-76) 
The result is a modified set of simultaneous linear equations of the form 
2 a J K [ U K ' M | H J JKM) - E(/c)6 K, K] = 0 , 
K 
(A-77) 
whose non-vanishing (JK'M H JKM) are: 
K 
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i 1 ( J , K - 2 , M | H | JKM) = - 4 [ ( J + K - l ) ( J + K ) ( J - K + l ) ( J - K + 2 ) ] 2 (A-78) 
( J K M | H I JKM) = K K 2 (A-79) K 
, 1 
( J , K + 2 , M | H I JKM) = - - a ( J - K - l ) ( J - K ) ( J + K + l ) ( J + K + 2 ) ] 2 . (A-80) 
All t e r m s of th i s new s e t of e q u a t i o n s a r e d i m e n s i o n l e s s n u m b e r s , a n d 
the r o t o r m o m e n t s of i n e r t i a a p p e a r only in the d e t e r m i n a t i o n of the 
" a s y m m e t r y p a r a m e t e r " K . All r o t o r s wi th the s a m e d e g r e e of a s y m ­
m e t r y t h e r e f o r e h a v e the s a m e r e d u c e d e n e r g y e i g e n v a l u e s E(K ) . It i s 
thus p o s s i b l e to p r e p a r e a u n i v e r s a l t ab l e of t h e s e e i g e n v a l u e s , for i n ­
c r e m e n t a l s t e p s of the p a r a m e t e r K, f r o m which the r o t a t i o n a l e n e r g y 
l e v e l s of any a s y m m e t r i c r o t o r c a n be d e t e r m i n e d . The o r i g i n a l p a p e r 
of King, H a i n e r , and C r o s s (3) i n c l u d e d such a t a b l e for J = 0 t h r o u g h 
J = 10. A v e r y useful d i g i t a l - c o m p u t e r t a b u l a t i o n for J = 0 t h r o u g h 
J = 12, wi th f i ne r K r e s o l u t i o n , h a s b e e n p r e p a r e d by T u r n e r , H i c k s , 
a n d R e i t w i e s n e r (36) . N i e l s e n (59) m e n t i o n s an e x t e n d e d t a b u l a t i o n to 
J = 40 by E r l a n d s s o n in Sweden . The c o m p i l a t i o n and u s e of t h e s e 
t a b l e s i s s i m p l i f i e d by the fact t h a t when the s t a t e s a r e n u m b e r e d in 
o r d e r of i n c r e a s i n g e n e r g y by the T index i n t r o d u c e d p r e v i o u s l y , 
E J T ( K ) = - E J : > _ T ( - K ) . (A-81) 
It i s c u s t o m a r y in m i c r o w a v e s p e c t r o s c o p y to e x p r e s s (A-74) 
a n d (A-76) in t e r m s of the " r o t a t i o n a l c o n s t a n t s " i n t r o d u c e d in 
C h a p t e r I: 
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A = — - 1 — ; B = — > C = - ~ T — (A-82) 
8ir I 8TT L 8ir I 
a o c 
w h e r e I <_ L<L I . 
a b c 
L e t the m a g n i t u d e - o r d e r e d m o m e n t s of i n e r t i a be iden t i f i ed wi th 
1 , 1 , 1 in the fol lowing m a n n e r : 
x y z to 
1 = 1 ; 1 = 1 ; I = L . (A-83) 
x a y c z b x 
The s u b s t i t u t i o n of (A-82) in (A-74) and (A-76) t hen g ives 
~ = y [ ( A - C ) E ( K ) + (A+C)J(J+1)] , (A-84) 
and 
K = 2 B ~ A A _ ~ C C • (A-85) 
The q u a n t i t i e s E / h , A, B , and C h a v e d i m e n s i o n s t * and a r e c o m m o n l y 
e x p r e s s e d in m e g a c y c l e s p e r s e c o n d (Mc) . If the m o m e n t s of i n e r t i a 
a r e e x p r e s s e d in ( a t o m i c m a s s u n i t s ) X ( A n g s t r o m s ) 2 , the r o t a t i o n a l c o n ­
s t a n t s a r e m o s t c o n v e n i e n t l y o b t a i n e d by e x p r e s s i n g h / S i r 2 a s 
- ~ = ( 5 . 0 5 5 3 ± 0 .0003) X 1 0 5 Mc a m u A 2 . (A-86) 
8 IT 
T h e r e a r e s i x w a y s in wh ich r i g h t - h a n d e d and l e f t - h a n d e d abc 
a x e s c a n be iden t i f i ed wi th the x y z a x e s . The c o r r e s p o n d e n c e u s e d 
h e r e i s the one c a l l e d " T y p e II " by King, H a i n e r , and C r o s s (77) . 
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An i m p o r t a n t c h a r a c t e r i s t i c of the d e t e r m i n a n t a s s o c i a t e d wi th 
the e q u a t i o n s (A-77) p e r m i t s e x p r e s s i o n of the r o t a t i o n a l e n e r g y for 
low J v a l u e s in c l o s e d a l g e b r a i c f o r m . The d e t e r m i n a n t h a s such s y m ­
m e t r y t h a t t he s e c u l a r equa t ion ob t a ined by equa t ing i t t o z e r o a l w a y s 
f a c t o r s in to a p r o d u c t of e x p r e s s i o n s (four , for J >. 2) of l o w e r d e g r e e 
in E ( K ) . The e q u a t i o n s ob t a ined by equa t ing t h e s e e x p r e s s i o n s s e p a r a t e ­
ly to z e r o a r e of s e c o n d d e g r e e a t m o s t for J 3 . Solu t ion of t h e s e 
e q u a t i o n s g ives the r o t o r e n e r g i e s l i s t e d by G o r d y , S m i t h , and 
T r a m b a r u l o (33). C e r t a i n r o o t s for J = 4, 5 a l s o a r e ob t a ined f r o m q u a d ­
r a t i c f a c t o r s of the s e c u l a r e q u a t i o n s . 
S y m m e t r y p r o p e r t i e s of the e i g e n f u n c t i o n s . — R e g a r d l e s s of a r o t o r ' s 
p h y s i c a l s t r u c t u r e , i t s r o t a t i o n a l m o t i o n i s d e s c r i b e d in t e r m s of the 
m o t i o n of an i n e r t i a e l l i p s o i d wh ich i s s y m m e t r i c a l wi th r e s p e c t to a 
1 8 0 - d e g r e e r o t a t i o n abou t any p r i n c i p a l a x i s . Th i s fac t g ives r i s e to 
s y m m e t r y p r o p e r t i e s of the r o t a t i o n a l e igen func t ions which a r e of i m ­
p o r t a n c e in e s t a b l i s h i n g t r a n s i t i o n s e l e c t i o n r u l e s . 
It i s c u s t o m a r y to i n d i c a t e a 1 8 0 - d e g r e e r o t a t i o n abou t an a x i s 
i by the o p e r a t o r s y m b o l C^ . By i n s p e c t i o n of F i g u r e 10 one c a n 
d e t e r m i n e the effect upon the a n g u l a r c o o r d i n a t e s 9, cp, X of C^ o p e r a ­
t i ons wi th r e s p e c t to the b o d y - f i x e d a x e s x y z . The r o t a t i o n s a r e 
e q u i v a l e n t to the fo l lowing s u b s t i t u t i o n s : 
C * : 9 ^ T T - 9 ; <p - > TT - <p ; X ^ T T + X (A-87) 
C^ : 9 - » TT - 9 ; <p -* -cp ; X -* TT + X 
0 \ : 9 ^ 9 ', <p > T T + (jp; X * X 
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Note t h a t any two of t h e s e s u b s t i t u t i o n s p e r f o r m e d in s u c c e s s i o n p r o d u c e 
the r e m a i n i n g one, and tha t a l l t h r e e p e r f o r m e d in s u c c e s s i o n r e s t o r e 
the o r i g i n a l c o n f i g u r a t i o n . 
The b e h a v i o r of a s y m m e t r i c r o t o r e igenfunc t ion U j ^ ^ . wi th r e s ­
p e c t to t h e s e s u b s t i t u t i o n s i s r e a d i l y d e t e r m i n e d . R e p l a c e m e n t s of the 
cp and X c o o r d i n a t e s c a n be m a d e d i r e c t l y in the e x p o n e n t i a l f a c t o r s of 
(A-27) ; the effect on c a n D e e s t a b l i s h e d by m a k i n g the s u b s t i t u -
t ion for 6 in equa t ion (A-43) . Both C 2 and C£ p r o d u c e the s u b s t i t u t i o n 
9 -» (TT - 9), which when m a d e in (A-43) s i m p l y c h a n g e s the s i gn of 
(K cos 9) to p o s i t i v e . The new e q u a t i o n i s s a t i s f i e d by 0 j ^ ^ 
With i n c l u s i o n of the e x p o n e n t i a l f a c t o r s one t h e r e f o r e c o n c l u d e s : 
^ " J K M - ^ ' ^ X - K . M < A " 8 8 > 
U 2 ' U J K M ( i } J , - K , M 
C 2 : U J K M ^ - ^ U J K M 
(The i n t e g e r a a l l ows s p e c i f i c a t i o n of the s i g n b e h a v i o r a s s u m e d for 
Ojpr-^ j -~* ( -1) 0 j pr y£ i t depends upon the f o r m a l i s m u s e d to define the 
" p o s i t i v e " 0 J K M ' s . ) 
E v i d e n t l y a i r - r o t a t i o n abou t the z - a x i s e i t h e r l e a v e s U j p r ^ u n -
c h a n g e d o r a t m o s t c h a n g e s i t s s ign ; bu t C-> a n d C£ t r a n s f o r m U j ^ ^ . 
in to ^ U j -^j-. wi th wh ich i t i s d e g e n e r a t e . Th i s r e v e r s a l of the s i gn 
of K i s c o n s i s t e n t wi th the i den t i f i ca t i on , m a d e in the v a r i o u s t r e a t ­
m e n t s of the s y m m e t r i c r o t o r , of fiK a s an e i g e n v a l u e of the c o m p o n e n t 
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,x of a n g u l a r m o m e n t u m a long the z - a x i s . Both a n d r e v e r s e the 
s p a t i a l o r i e n t a t i o n of the z - a x i s and h e n c e r e v e r s e the s i g n of an a n g u l a r 
m o m e n t u m c o m p o n e n t r e f e r r e d to i t . 
F o r the a s y m m e t r i c r o t o r t h e r e i s no s u c h f ixed c o m p o n e n t of 
a n g u l a r m o m e n t u m w h o s e d i r e c t i o n c a n r e s o l v e s p a t i a l r e v e r s a l s of the 
z - a x i s . Any o p e r a t i o n abou t a p r i n c i p a l a x i s t h e r e f o r e b r i n g s the 
i n e r t i a e l l i p s o i d to an o r i e n t a t i o n tha t i s i n d i s t i n g u i s h a b l e f r o m the 
i n i t i a l o n e . The p r o b a b i l i t y d e n s i t i e s of the two o r i e n t a t i o n s m u s t 
c o n s e q u e n t l y be the s a m e ; t h i s i m p l i e s tha t ^jT^ e i t h e r i s u n c h a n g e d 
by the r o t a t i o n or i s c h a n g e d only in s i g n . Th i s cond i t i on is s a t i s f i e d 
a u t o m a t i c a l l y when the e q u a t i o n s 
E a j T K [ ( J K ' M | H | JKM) - E J T 5 K , K ] = 0 (A-89) 
K 
a r e s o l v e d s i m u l t a n e o u s l y for the a j T j ^ ' s ' It ^ s found tha t in the e x p a n ­
s ion 
* J t M = £ a J T K U J K M ' < A - 9 0 ) 
the coe f f i c i en t s of U T V l , and U T «• w a l w a y s h a v e t he s a m e a b s o l u t e 
JKM J, -K, M 3 
m a g n i t u d e , and the r e s u l t i n g c o m b i n a t i o n s 
A
 JTK ( U JKM * U J, -K, M } 
a r e c l e a r l y s y m m e t r i c a l o r a n t i s y m m e t r i c a l wi th r e s p e c t to and 
a s w e l l a s to C^. F u r t h e r m o r e , i t i s found tha t a l l such c o m b i n a t i o n s 
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a p p e a r i n g in the e x p a n s i o n of a p a r t i c u l a r ^ J ^ - J ^ h a v e the s a m e b e h a v i o r 
wi th r e s p e c t to r o t a t i o n , so tha t ^jT^ i s s y m m e t r i c a l o r a n t i s y m m e t r i -
ca l in the s a m e m a n n e r . 
A ^ f u n c t i o n c a n e i t h e r be s y m m e t r i c a l wi th r e s p e c t to about 
a l l t h r e e p r i n c i p a l a x e s , or i t c a n be s y m m e t r i c a l wi th r e s p e c t to one 
a x i s and a n t i s y m m e t r i c a l with r e s p e c t to the o t h e r two . (Any o t h e r c o m ­
b i n a t i o n would c o n t r a d i c t the o b s e r v a t i o n tha t the t h r e e s u b s t i t u t i o n s 
(A-87) p e r f o r m e d in s u c c e s s i o n r e s t o r e the o r i g i n a l c o n f i g u r a t i o n . ) 
T h e r e a r e c o n s e q u e n t l y four p o s s i b l e c o m b i n a t i o n s of b e h a v i o r s . T h e s e 
" s y m m e t r y s p e c i e s " a r e e n u m e r a t e d in T a b l e 12, t o g e t h e r with the 
s p e c i e s d e s i g n a t i o n s a s s i g n e d to t h e m by Mul l iken (78) fol lowing g r o u p 
t h e o r y conven t ion . 
Tab l e 12. S y m m e t r y C l a s s i f i c a t i o n of A s y m m e t r i c 
R o t o r E igen func t ions 
S p e c i e s B e h a v i o r 















Eigen func t i ons of a l l four t y p e s e x i s t for e v e r y J ^ 2; e a c h of the four 
f a c t o r s of t he s e c u l a r e q u a t i o n y i e l d s s o l u t i o n s of a p a r t i c u l a r s p e c i e s . 
S p e c i f i c a t i o n of s y m m e t r y wi th r e s p e c t to the o r d e r e d p r i n c i p a l a x e s 
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abc r e s u l t s in a unique c o r r e s p o n d e n c e b e t w e e n the s y m m e t r i e s of e i g e n -
s t a t e s and the m a g n i t u d e s of t h e i r e n e r g y e i g e n v a l u e s . Denn i s on (79) 
h a s shown tha t for a g iven J, the C-> b e h a v i o r of t he s t a t e of h i g h e s t 
e n e r g y i s a l w a y s +, and the b e h a v i o r s of the r e m a i n i n g s t a t e s a l t e r ­
na t e in p a i r s in o r d e r of d e s c e n d i n g e n e r g y : - , - , + , +, - , - , e tc -
cl 
S i m i l a r l y , the b e h a v i o r of the s t a t e of l o w e s t e n e r g y i s a l w a y s +, 
and the b e h a v i o r s of the r e m a i n i n g s t a t e s a l t e r n a t e in p a i r s in o r d e r 
of a s c e n d i n g e n e r g y : - , - , +, +, e t c . D e n n i s o n d e n o t e s s p e c i e s by 
C cl 
j u x t a p o s i n g the b e h a v i o r s y m b o l s for C^, C^ . T h u s ++ c o r r e s p o n d s to 
s p e c i e s A; +- to B ; — to B, ; -+ to B . r
 c b ' a 
T r a n s i t i o n p r o b a b i l i t i e s a n d s e l e c t i o n r u l e s . — I f a r o t o r hav ing an e l e c ­
t r i c d ipole m o m e n t \i i s s u b j e c t e d to an e x t e r n a l e l e c t r i c f ie ld of 
s t r e n g t h ^ , the r o t o r H a m i l t o n i a n o p e r a t o r i n c l u d e s the i n t e r a c t i o n 
e n e r g y t e r m 
H' = -u/f c o s ot , ( A - 9 1 ) 
w h e r e a i s the ang le of o r i e n t a t i o n of (JL wi th r e s p e c t to When the 
f ie ld i s t h a t of a p l a n e - p o l a r i z e d e l e c t r o m a g n e t i c w a v e of f r e q u e n c y v, 
the i n s t a n t a n e o u s f i e ld s t r e n g t h i s 
( f ( t )
 = ( f c o s 2 w v t = j ( f ( e i 2 w t + e - 1 2 l r v t ) . ( A - 9 2 ) 
A c c o r d i n g to t i m e - d e p e n d e n t p e r t u r b a t i o n t h e o r y (80), if an u n p e r t u r b e d 
s y s t e m wi th s t a t i o n a r y - s t a t e w a v e func t ions S£°(q, t) i s s u b j e c t e d to a 
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t i m e - v a r y i n g perturbat ion H'(t), then the w a v e functions of the perturbed 
s y s t e m can be wri t ten as 
* (q , t ) = £ a . ( t ) *°(q, t ) , (A-93) 
where the e x p a n s i o n coef f ic ients a j ( t ) a r e found f r o m the se t of s imulta­
neous differential equations 
da (t) 
m = - ^  E a.(t) j V , ( q > t)* H' tt°(q, t) dv (A -94) dt 
J " 
m = 0, 1, 2, . . . 
If the s y s t e m is in state n at t i m e z e r o , so lut ion of these equa­
t ions with the boundary condition a r n ( 0 ) = 0; a n ( 0 ) = 1 g i v e s an expans ion 
of the wave function at any subsequent t ime t. The quantity 
a r n ( A t ) a i n ( A t ) then r e p r e s e n t s the probabi l i ty that the s y s t e m i s in s tate 
m after a t i m e interval At . If the perturbat ion i s s m a l l and the t ime 
in terva l i s short a l l expans ion coef f ic ients r e m a i n s m a l l c o m p a r e d to 
a
n ( t ) > which r e m a i n s near ly unity. There fore , to f i r s t - o r d e r approx i ­
mat ion , 
da (t) 
m 
dt = - ^ £ * m ( q ' t ) * H " * n ( q ' t ] d v * ( A _ 9 5 ) 
Now the wave function ^(PL* t) can be fac tore d as 
tf(q.t) = ^ > e " i E j / f l , (A -96) 
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w h e r e = (q) i s an a m p l i t u d e e igenfunc t ion and E . i s the c o r r e s p o n d -
J J J 




4- p.(f ( m | c o s or| n ) £ 
x ( E - E +hv)t i ( E - E - h v ) t 
n m n , ti m n 
e + e 
w h e r e 
i i ( O s ' c o ( m | c o s a \ n) = \ \f/ c o s a dv (A-98) 
E q u a t i o n (A-97) i n t e g r a t e s i m m e d i a t e l y . With i n t e g r a t i o n c o n s t a n t s 
c h o s e n to m a k e a (0) = 0, 
m x ' 
a (t) = 
m 
(A-99) 
- 4-|JL(^(m| c o s a\n) 1-e 
i-(E - E +hv)t 4-(E - E - h v ) t ti x m n ' , fr m n 
1-e 
E - E +hv 
m n E - E -hv 
m n 
Th i s e x p r e s s i o n h a s s ign i f i can t m a g n i t u d e only if E m ~ E n ~ ± h v , 
when one o r the o t h e r of the " r e s o n a n c e d e n o m i n a t o r s " a p p r o a c h e s 
z e r o . In e i t h e r c a s e , r e t a i n i n g the s i gn i f i c an t t e r m only, one o b t a i n s 
for the t r a n s i t i o n p r o b a b i l i t y : 
a ^ ( t ) a m ( t ) = p ^ ^ m l c o s c*|n)^ X ZrZ (A-100) 
P
 s i n 2 - J ( | E - E I - hv) t h V | m n 1 
( | E - E I - h v ) 2 M
 m n 1 
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w h e r e 
i i 2 i 1 * 1 i ( m j c o s <x\n) = ( m | c o s a\n) ( m | cos a\n) . (A-101) 
F o r m o n o c h r o m a t i c r a d i a t i o n wi th hv p r e c i s e l y equa l to (E - E n | , 
the quan t i ty in b r a c k e t s b e c o m e s ( ir t /h) 2 . If the m a t r i x e l e m e n t (A-98) 
does not v a n i s h , the p r o b a b i l i t y of a r a d i a t i o n - i n d u c e d t r a n s i t i o n f r o m 
s t a t e n to s t a t e m i s f ini te and i n c r e a s e s a s t 2 . If E > E , e n e r g y hv 
m n b J 
i s a b s o r b e d f r o m the r a d i a t i o n f ie ld in t r a n s i t i o n ; if E > E , the 
n m 
e n e r g y i s e m i t t e d . 
When a m a c r o s c o p i c m o l e c u l a r gas i s r e p r e s e n t e d by an e n s e m ­
b l e of r o t o r s , the cond i t ion of p r e c i s e f r e q u e n c y equa l i t y i s not r e a l i z ­
a b l e . E v e n if the r a d i a t i o n i s p u r e l y m o n o c h r o m a t i c , the f r e q u e n c y 
s e e n by a n ind iv idua l r o t o r i s sh i f ted by the D o p p l e r effect of t r a n s l a -
t iona l m o t i o n of the r o t o r r e l a t i v e to the s o u r c e . F u r t h e r m o r e , 
c o l l i s i o n ef fec ts t end to " s m e a r " the e n e r g y l e v e l s E ^ . F o r p r e d i c t i o n 
of a b s o r p t i o n by a m a c r o s c o p i c e n s e m b l e , the b r a c k e t e d quan t i t y in 
(A-100) t h e r e f o r e m u s t be a v e r a g e d o v e r a r a n g e of the a r g u m e n t 
( | E - E I - h v ) . L e t S(v) be a s t a t i s t i c a l d i s t r i b u t i o n funct ion s u c h 
m n v 
t h a t S(v)dv i s the f r a c t i o n of the t o t a l n u m b e r of r o t o r s in the s t a t e n 
for wh ich ( | E - E I - hv) l i e s b e t w e e n ( | E - E I - hv) and M m n ' v , m n ' o 
( | E - E I - h [ v + d v l ) . T h e n the a v e r a g e v a l u e of the b r a c k e t e d x 1
 m n 1 o L J & 
quan t i t y i s 
s i n 2 •—( | E - E | - hv)t 
S(v) — - - = dv . (A-102) 




Now the f a c t o r of the f o r m (s in x ) / x h a s neg l ig ib ly s m a l l a m p l i t u d e e x ­
cep t in the c e n t r a l peak and a d j a c e n t l obes about x = 0, and the i n t e g r a l 
. 2 
s i n x , dx 2 
x 
o v e r the c e n t r a l r e g i o n i s v e r y n e a r l y TT. If the d i s t r i b u t i o n S(v) i s 
a s s u m e d to have a b r o a d m a x i m u m so t ha t i t r e m a i n s n e a r i t s m a x i m u m 
v a l u e S q o v e r the c e n t r a l r e g i o n of t he i n t e g r a l , then (A-102) can be 
a p p r o x i m a t e d 
, TTt f . 2 2 s in x , 0 TT dx ~ S —r t 
_ ^ o , 2 h v x h 
x 
C o n s e q u e n t l y , 
2 
a* (t)a (t) u 2 / " 2 ( m | c o s a l n ) 2 S t (A-103) 
m m v .. 2 n ^ v 1 1 o h 
for r a d i a t i o n of f r e q u e n c y V q = ( | E m ~ E n | ) / h . The a v e r a g i n g p r o c e s s 
h a s p r o d u c e d a l i n e a r t i m e d e p e n d e n c e . 
C o n s i d e r a p l ane w a v e of f r e q u e n c y V q i n c i d e n t n o r m a l l y upon a 
w a f e r - l i k e s e c t i o n of ga s of s u r f a c e a r e a A and t h i c k n e s s dX. The r a t e 
a t wh ich e n e r g y i s t r a n s p o r t e d t h r o u g h A i s ^ 
P = ^ T ( f 2 A . (A-104) 
c = v e l o c i t y of l ight 
^ T h e p e r m i t t i v i t y of the ga s i s a s s u m e d to be e s s e n t i a l l y tha t of 
f r e e s p a c e . E l e c t r o s t a t i c cgs un i t s a r e - u s e d . 
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If E > E , e a c h t r a n s i t i o n n -» m i n d u c e d by the r a d i a t i o n a s i t t r a v e r s e s 
m n 7 
the v o l u m e of gas i s a c c o m p a n i e d by l o s s of e n e r g y h v Q . The p r o b a b l e 
n u m b e r of such t r a n s i t i o n s in uni t t i m e i s , f r o m (A-103), 
2 
^ p . / " ( m l c o s Ofln) S N A dX 
. Z r ^ 1 1 1 o n h 
w h e r e N A dX is the n u m b e r of m o l e c u l e s i n i t i a l l y in s t a t e n . The p r o b -
n 
a b l e n u m b e r of i n d u c e d r e v e r s e t r a n s i t i o n s m -»n, which a u g m e n t the 
r a d i a t i o n , i s g iven by the s a m e e x p r e s s i o n wi th N n r e p l a c e d by N ^ . The 
net r a t e of e n e r g y a b s o r p t i o n i s t h e r e f o r e 
- d P = - : T r 2 v (N - N ) u . 2 / " 2 ( m | c o s <*|n) 2 S A dX . (A-105) h o v n m ^ 1 o 
A c o n v e n i e n t m e a s u r e of ne t a b s o r p t i o n i s the " a b s o r p t i o n co­
e f f ic ien t" 7, def ined a s 
1 d P 
7
 P dX ' 
F o r f r e q u e n c y V q , s u b s t i t u t i o n of (A-104) and (A-105) g i v e s 
8TT3 V (N - N )
 ? 7 
TO = P- ( m j c o s a | n ) S Q . (A-106) 
If the r a d i a t i o n d e n s i t y i s low and does not d i s t u r b s ign i f i can t ly the 
t h e r m a l e q u i l i b r i u m of the g a s , the B o l t z m a n d i s t r i b u t i o n l a w g ives (81): 
hv 
N - N ~ N -TT~ 
n m n kT 
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S O tha t 
8TT 3 V 2 N , , O N 2 . I I . 2 
7 O = ""CTT ^ ( m l C O S "'N) S O (A-107) 
S e l e c t i o n r u l e s for a l l o w e d t r a n s i t i o n s and r e l a t i v e a b s o r p t i o n 
l ine i n t e n s i t i e s ( a p a r t f r o m the d e p e n d e n c e upon the s t a t i s t i c a l p o p u l a ­
t ion of s t a t e s and the f r equency ) a r e ob t a ined f r o m d e t e r m i n a t i o n of 
the n o n - v a n i s h i n g m a t r i x e l e m e n t s (A-98 ) . It i s conven ien t to r e s o l v e 
the d ipole m o m e n t in to c o m p o n e n t s a long the r o t o r p r i n c i p a l a x e s . 
T h e n if the r a d i a t i o n i s p o l a r i z e d a long a s p a c e - f i x e d ax i s F , 
2 , I I .2 \i (m c o s A N ) = E Ve ( m l c o s V g l n * 
G 8 & 
(A-108; 
w h e r e g r e p r e s e n t s e a c h of the p r i n c i p a l a x e s and ^ p g i-s the a n g l e b e ­
tween g and F . The " d i r e c t i o n c o s i n e s " a r e u s u a l l y a b b r e v i a t e d 
c o s = 
F g F g 
S e l e c t i o n r u l e s b a s e d on the s y m m e t r i e s of t//^ and c a n be 
deduced wi thout a c t u a l l y e v a l u a t i n g the m a t r i x e l e m e n t i n t e g r a l s 
(mI <£> I n) = \ \lP cos a„ \L>° dv 1
 F g 1 J v r m F g r n (A-109) 
In the c o u r s e of i n t e g r a t i o n o v e r dv = s in 0 d0 dip dX the i n e r t i a e l l i p ­
s o i d i s c a r r i e d t h r o u g h a l l p o s s i b l e o r i e n t a t i o n s . E a c h c o n t r i b u t i o n 
to the i n t e g r a l for a p a r t i c u l a r o r i e n t a t i o n i s a c c o m p a n i e d by a c o n t r i ­
bu t ion for a n o r i e n t a t i o n which d i f fe rs by a Tr-rotat ion about a p r i n c i p a l 
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a x i s . Now cos i s u n c h a n g e d by s u c h r o t a t i o n abou t g, but i t c h a n g e s 
s ign fo r i r - r o t a t i o n abou t e i t h e r of the o t h e r two p r i n c i p a l a x e s ; in the 
no t a t i on of T a b l e 12, i t i s of s p e c i e s B . The e igenfunc t ions a r e s i m i -
l a r l y s y m m e t r i c o r a n t i s y m m e t r i c ; t h e r e f o r e the i n t e g r a n d of (A-109) 
a b c 
i s s y m m e t r i c o r a n t i s y m m e t r i c wi th r e s p e c t to C^, C^ , and C ^ . If i t 
i s a n t i s y m m e t r i c wi th r e s p e c t to any of the t h r e e o p e r a t i o n s , e a c h p o s i ­
t ive c o n t r i b u t i o n to the i n t e g r a l i s c a n c e l l e d by a n equa l n e g a t i v e c o n ­
t r i b u t i o n and the i n t e g r a l v a n i s h e s . C o m b i n a t i o n s of s y m m e t r i e s which 
give t o t a l l y s y m m e t r i c i n t e g r a l s a r e e a s i l y d e t e r m i n e d wi th the a i d of 
T a b l e 12; the r e s u l t i n g " s y m m e t r y s e l e c t i o n r u l e s " a r e l i s t e d in 
T a b l e 13 . 
T a b l e 13 . S y m m e t r y S e l e c t i o n R u l e s 
A Dipo le 
M o m e n t Can P r o d u c e T r a n s i t i o n s Only 
C o m p o n e n t B e t w e e n S t a t e s of S y m m e t r y S p e c i e s 
o r 
A - B 
a 
B u - B b c 
(++ =±-+) 
(— 
A - B u b 
B ==B 
a c 
( + + - — ) 
*b or ( - + - + - ) 
f-c o r 
A ==B 
c 
B ^ B u a b 
(++ =± +-) 
(-+== — ) 
The m a t r i x e l e m e n t s (A-109) h a v e b e e n e v a l u a t e d by C r o s s , 
H a i n e r , and King (82) . T h e y f i r s t show tha t the e l e m e n t s for s y m m e t r i c 
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rotor eigenfunctions can be written as the product of three factors, 
each a simple algebraic function of the integers J, K, or M which 
appear in its subscript: 
( J K M | $ F g | J'K'M') = (A-110) 
^Fg^JjJ' **Fg*JK;J'K« **Fg*JM;J'M' 
All elements vanish except those for 
J' - J = 0, ± 1 , (A-lll) 
the familiar selection rule for dipole transitions. The factor involving 
M also vanishes except for M ' - M = 0, ± 1 ; but when there is no fixed 
external field this fact imposes no meaningful restriction because all 
states are degenerate in M . 
Matrix elements of f° r asymmetric rotor eigenfunctions can 
be found as linear combinations of those for the symmetric rotor once 
the expansion coefficients in (A-90) are known. Since all the U J J^^' s 
in the expansion of a particular ^ J T J ^ have the same J and M, the fac­
tors of (A-110) which do not contain K remain factors of 
( j T M | $ F g | J ' T ' M ' ) : 
(jTMlfc^ I J ' T ' M 1 ) = (A-112) 
( $ F g ' J; J ' ^Fg* J T ; J ' T ' ^Fg* JM; J' M» 
* 
This of course amounts to applying to the matrix of $ F the 
same transformation that diagonalizes the asymmetric rotor Hamiltonian 
matrix. 
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The s e l e c t i o n r u l e (A-111) t h e r e f o r e s t i l l a p p l i e s . 
The s q u a r e s of t h e s e m a t r i x e l e m e n t s (in the s e n s e of (A-101)) 
a r e n e e d e d in (A-108) . F o r p l a n e - p o l a r i z e d r a d i a t i o n in the a b s e n c e of 
a f ixed e x t e r n a l f ie ld , F m a y be t a k e n to be the s p a c e - f i x e d Z a x i s ; 
the t h i r d f ac to r in (A- 112) then v a n i s h e s e x c e p t when M' = M. The 
to t a l t r a n s i t i o n p r o b a b i l i t y b e t w e e n s t a t e s JT, J 'T' i s ob ta ined by s u m ­
m i n g the s q u a r e d d i r e c t i o n c o s i n e m a t r i x e l e m e n t s ove r the d e g e n e r a t e 
M s t a t e s . The a p p r o p r i a t e e l e m e n t s for u s e in (A-108) a n d (A-107) a r e 
then 
( JT | $ I J ' r ' ) 2 = £ ( J T M | $ | J ' T ' M ) 2 . (A-113) 
C r o s s , H a i n e r , and King (82) have c a l c u l a t e d and t a b u l a t e d q u a n t i t i e s 
c a l l e d " l i ne s t r e n g t h s " which a r e t h e s e e l e m e n t s m u l t i p l i e d by 3; 
(JT|<£> | j ' T ' ) 2 = i - X (JTJJ'T') . (A-113 1 ) 
T h e i r t a b l e s , which h a v e b e e n r e p r i n t e d in the t ex t by T o w n e s and 
Schawlow (35), l i s t X X 1 0 4 for K = - 1 , - 0. 5, 0, 0 . 5 , 1; J = 0 to 12. 
g 
D i r e c t i n s p e c t i o n of the t a b l e s i s the m o s t r e l i a b l e m e t h o d of d e t e r ­
m i n i n g the a l l o w e d t r a n s i t i o n s for a r o t o r of spec i f i c a s y m m e t r y . 
R e s t r i c t i o n s i m p o s e d by i d e n t i c a l n u c l e i . — T h e p r e s e n c e of i d e n t i c a l 
nuc l e i in a m o l e c u l e i m p o s e s r e s t r i c t i o n s on the e x t e n t to which 
s t a t i o n a r y s t a t e s p r e d i c t e d by r o t o r t h e o r y a r e a c t u a l l y p o p u l a t e d . 
I d e n t i c a l nuc l e i a r e t h o s e which if i n t e r c h a n g e d r e n d e r a m o l e c u l a r c o n ­
f i g u r a t i o n i n d i s t i n g u i s h a b l e f r o m the o r i g i n a l one; e . g . , t w o O ^ n u c l e i 
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in n i t r y l c h l o r i d e . S ince the p r o b a b i l i t y d e n s i t i e s of the i n d i s t i n g u i s h a b l e 
c o n f i g u r a t i o n s m u s t be the s a m e , the wavefunc t ions d e s c r i b i n g the c o n ­
f i g u r a t i o n of the m o l e c u l e a s a whole m u s t be e i t h e r s y m m e t r i c or a n t i ­
s y m m e t r i c wi th r e s p e c t to any s e q u e n c e of o p e r a t i o n s w h o s e only effect 
i s to i n t e r c h a n g e the n u c l e i . 
It h a s b e e n found e x p e r i m e n t a l l y tha t wi thout e x c e p t i o n s y s t e m s 
hav ing i d e n t i c a l n u c l e i of h a l f - i n t e g r a l sp in popu la te only t h e i r a n t i ­
s y m m e t r i c s t a t e s ; such n u c l e i a r e s a i d to obey F e r m i - D i r a c s t a t i s t i c s . 
S i m i l a r l y , only the s y m m e t r i c s t a t e s of s y s t e m s hav ing i d e n t i c a l nuc l e i 
of z e r o o r i n t e g r a l sp in a r e popu la ted ; such n u c l e i a r e s a i d to obey 
B o s e - E i n s t e i n s t a t i s t i c s . 
To the d e g r e e of a p p r o x i m a t i o n a p p r o p r i a t e h e r e , the t o t a l 
m o l e c u l a r wavefunc t ion can be r e g a r d e d a s the p r o d u c t of s e p a r a t e 
r o t a t i o n a l , v i b r a t i o n a l , e l e c t r o n i c , and n u c l e a r sp in w a v e f u n c t i o n s : 
l//t = l// r l//v l//e l//s . (A-114) 
The c o o r d i n a t e s a p p e a r i n g in xjs^ are the E u l e r a n g l e s of F i g u r e 10. 
T h o s e in \U can be t a k e n to be the c a r t e s i a n c o o r d i n a t e s of i nd iv idua l 
^v 
n u c l e i in the r o t a t i n g xyz s y s t e m ; t h o s e in \P the c o o r d i n a t e s of i n d i -
v idua l e l e c t r o n s in the s a m e s y s t e m . The sp in funct ion l// s p e c i f i e s 
s 
the p r o j e c t i o n s of the n u c l e a r sp in s on s o m e f ixed d i r e c t i o n (83). The 
i n t e r c h a n g e s y m m e t r y of \js c an be d e t e r m i n e d by e x a m i n i n g the b e ­
h a v i o r s of the ind iv idua l f a c t o r s u n d e r a s e q u e n c e of o p e r a t i o n s w h o s e 
end effect i s only an exchange of n u c l e i . The r e l a t i v e e x t e n t s to wh ich 
s t a t e s hav ing a n t i s y m m e t r i c and s y m m e t r i c c o n f i g u r a t i o n funct ions 
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^ r ^ v ^ e a r e P ° P u ^ a t e d ( i . e . , t h e i r " s t a t i s t i c a l w e i g h t s " ) a r e e s t a b l i s h e d 
by the n u m b e r of a v a i l a b l e a n t i s y m m e t r i c o r s y m m e t r i c sp in func t ions 
wi th which the c o n f i g u r a t i o n func t ions can be a s s o c i a t e d to p r o d u c e the 
r e q u i s i t e s y m m e t r y of \p' . 
a t r a n s f o r m a t i o n f r o m the s e t of c a r t e s i a n c o o r d i n a t e s x . y . z . of i n d i ­
v idua l n u c l e i to s o - c a l l e d " n o r m a l c o o r d i n a t e s " c o r r e s p o n d i n g to the 
n o r m a l m o d e s of o s c i l l a t i o n of a c l a s s i c a l s y s t e m of i n t e r c o u p l e d 
p a r t i c l e s (84, 8 5). When s u c h a s y s t e m o s c i l l a t e s in a n o r m a l m o d e , a l l 
p a r t i c l e s e x e c u t e s i m p l e h a r m o n i c m o t i o n s of the s a m e f r e q u e n c y in 
p h a s e u n i s o n . The i n s t a n t a n e o u s c a r t e s i a n - c o o r d i n a t e d i s p l a c e m e n t s 
of a l l p a r t i c l e s f r o m t h e i r e q u i l i b r i u m p o s i t i o n s r e m a i n in f ixed r a t i o s 
to one a n o t h e r t h r o u g h o u t the v i b r a t i o n . The m o t i o n of the e n t i r e a s s e m ­
bly i s t hen d e s c r i b e d by the s ing l e n o r m a l c o o r d i n a t e 
w h e r e i s the f r e q u e n c y c h a r a c t e r i s t i c of the m o d e , t o g e t h e r wi th a 
s p e c i f i c a t i o n of the f ixed a m p l i t u d e r a t i o s . Any a r b i t r a r y m o t i o n of 
the s y s t e m c a n be d e s c r i b e d by a s u p e r p o s i t i o n of s u c h n o r m a l m o d e s 
wi th a p p r o p r i a t e a m p l i t u d e s and p h a s e s . A s y s t e m of N n o n - c o l i n e a r 
p a r t i c l e s h a s (3N-6) i n d e p e n d e n t n o r m a l m o d e s of v i b r a t i o n ; a l i n e a r 
c o n f i g u r a t i o n h a s ( 3 N - 5 ) . 
The q u a n t u m m e c h a n i c a l t r e a t m e n t of n o r m a l v i b r a t i o n s (86, 87) 
shows tha t a v i b r a t i o n a l wavefunc t ion c a n be e x p r e s s e d a s a p r o d u c t 
In the t h e o r y of m o l e c u l a r v i b r a t i o n s i t i s c o n v e n i e n t to effect 
Q k = Q£ COS (2Trvkt + (3k) (A-11 5) 
\pv = i f t Q j ) # Q 2 ) . . . i f t Q 3 N - 6 (A-116) 
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w h e r e e a c h tyiQy) i s a- H e r m i t e o r t h o g o n a l funct ion of a s i ng l e n o r m a l 
c o o r d i n a t e . E a c h such funct ion i s c h a r a c t e r i z e d by a f r e q u e n c y and 
a q u a n t u m n u m b e r = 0, 1, 2, . . . ; the t o t a l v i b r a t i o n a l e n e r g y is the 
s u m 
3N-6 
E v = I < v k + i > h v k • < A - 1 1 7 ) 
k=l 
The s t a t e for which a l l v ^ ' s a r e z e r o i s c a l l e d the " g r o u n d " v i b r a t i o n a l 
s t a t e . A s t a t e for which a s ing l e v ^ i s un i ty and a l l o t h e r s a r e z e r o i s 
c a l l e d a " f u n d a m e n t a l " v i b r a t i o n a l s t a t e ; if the s i n g l e n o n - z e r o v ^ is 
g r e a t e r than uni ty the s t a t e i s an " o v e r t o n e . " S t a t e s c h a r a c t e r i z e d by 
m o r e than one n o n - z e r o v ^ a r e " c o m b i n a t i o n s . " The ^//(Q^) a r e even 
func t ions of the for e v e n v ^ and odd func t ions of the for odd v^; 
tha t i s , if i s r e p l a c e d by -Q^.* the funct ion xJ^Qy} r e m a i n s u n c h a n g e d 
or c h a n g e s s ign for even or odd v^ r e s p e c t i v e l y (88) . 
C o n s i d e r now the s e q u e n c e of o p e r a t i o n s n e c e s s a r y to effect an 
i n t e r c h a n g e of i d e n t i c a l n u c l e i in a p l a n a r , Y - s h a p e d m o l e c u l e l ike 
n i t r y l c h l o r i d e . The s ix n o r m a l m o d e s of v i b r a t i o n for s u c h m o l e c u l e s 
a r e shown in the l e f t - h a n d c o l u m n of F i g u r e 1 1 . (89) T h e s m a l l v e c t o r s 
i n d i c a t e the i n s t a n t a n e o u s a m p l i t u d e - r a t i o r e l a t i o n s h i p s a m o n g the d i s -
p l a c e m e n t s of the n u c l e i . An o p e r a t i o n C-, upon the E u l e r - a n g l e c o o r d i ­
n a t e s p r o d u c e s the c o n f i g u r a t i o n s in the r i g h t - h a n d c o l u m n . F o r the 
g r o u n d v i b r a t i o n a l s t a t e and for the n o r m a l m o d e s v^, v^, the r e ­
su l t ing v i b r a t i o n a l c o n f i g u r a t i o n i s i n d i s t i n g u i s h a b l e f r o m the o r i g i n a l 
one . To c o m p l e t e the e x c h a n g e i t i s t hen only n e c e s s a r y to r e t u r n a l l 
I l l 
F i g u r e 1 1 . N o r m a l Modes of V i b r a t i o n of N i t r y l C h l o r i d e 
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e l e c t r o n s to t h e i r o r i g i n a l s p a t i a l p o s i t i o n s by r e p l a c i n g the c o o r d i ­
n a t e s y^ and z^ in \j/ by t h e i r n e g a t i v e s . F o r m o d e s v^, v^, v^, h o w -
e v e r , the v i b r a t i o n a l con f igu ra t i on i s a n t i s y m m e t r i c wi th r e s p e c t to 
To r e s t o r e the o r i g i n a l con f igu ra t i on i t i s f u r t h e r n e c e s s a r y to r e p l a c e 
the c o o r d i n a t e s Q^, Qj-, by t h e i r n e g a t i v e s , wh ich r e v e r s e s the d i r e c ­
t ions of a l l d i s p l a c e m e n t v e c t o r s . The effect of t h i s o p e r a t i o n upon \p 
i s d e t e r m i n e d by the r u l e g iven in the p r e c e d i n g p a r a g r a p h . 
S ince h a s z e r o sp in , XJ/ m u s t be i n t e r c h a n g e - s y m m e t r i c for 
the abundan t o x y g e n - i s o t o p e s p e c i e s of n i t r y l c h l o r i d e ; m o r e o v e r , s i nce 
no a n t i s y m m e t r i c Xp e x i s t s , the c o n f i g u r a t i o n funct ion x\j xj/ xj/ m u s t i t -
self be s y m m e t r i c . N e a r l y a l l m o l e c u l e s have to t a l ly s y m m e t r i c g r o u n d 
e l e c t r o n i c s t a t e s , and the s p e c t r u m of n i t r y l c h l o r i d e i s c o n s i s t e n t wi th 
the a s s u m p t i o n tha t i t i s no e x c e p t i o n . C o n s e q u e n t l y , for the g r o u n d 
v i b r a t i o n a l s t a t e and for any d e g r e e of e x c i t a t i o n of v i b r a t i o n a l m o d e s 
v l ' V 2 * v 3 ON^Y t h o s e Xp s t a t e s a r e p o p u l a t e d tha t a r e s y m m e t r i c wi th 
r e s p e c t to t r - r o t a t i o n about the x a x i s of F i g u r e 11 , wh ich for n i t r y l 
c h l o r i d e i s the a x i s _a of l e a s t m o m e n t of i n e r t i a . In the D e n n i s o n n o t a ­
t ion , t h e s e a r e the s t a t e s of s y m m e t r y s p e c i e s ++ and - + . The s a m e 
r o t a t i o n a l s t a t e s a r e p o p u l a t e d if the s u m of the v i b r a t i o n a l q u a n t u m 
n u m b e r s v 4 + v 5 + v £ i-s a n even n u m b e r . H o w e v e r , xp fo r the f u n d a m e n t a l s 
V4' V 5' v 6 ( a n < ^ ^ o r v 4 + v 5 + v 6 o c ^ * s a n t i s y m r r i e t r i c wi th r e s p e c t to i n t e r ­
c h a n g e ; in s u c h v i b r a t i o n a l s t a t e s only the a n t i s y m m e t r i c Xp s t a t e s + -
and — can be p o p u l a t e d . 
A P P E N D I X B 
THEORY O F N U C L E A R Q U A D R U P O L E INTERACTIONS 
IN A S Y M M E T R I C - R O T O R M O L E C U L E S 
The n a t u r e of n u c l e a r q u a d r u p o l e h y p e r f i n e sp l i t t i ng h a s b e e n 
d i s c u s s e d b r i e f l y in C h a p t e r I . In th i s append ix the a p p l i c a b l e r e s u l t s 
of the t h e o r y a r e p r e s e n t e d in a f o r m tha t h a s p r o v e d c o n v e n i e n t in the 
a p p l i c a t i o n of the t h e o r y to a n a l y s i s of s p e c t r a . 
O r i g i n of the i n t e r a c t i o n ; c l a s s i c a l v i e w p o i n t . — T h e p o s i t i v e e l e c t r i c a l 
c h a r g e of a n u c l e u s c a n be v i s u a l i z e d a s d i s t r i b u t e d in a s p h e r o i d a l c loud , 
wi th r o t a t i o n a l s y m m e t r y about the a x i s _s of n u c l e a r sp in and r e f l e c t i o n -
a l s y m m e t r y wi th r e s p e c t to a p l ane p e r p e n d i c u l a r to _s t h r o u g h the c e n t e r 
of the n u c l e u s . If such a c loud i s not p e r f e c t l y s p h e r i c a l i t h a s an e l e c ­
t r i c q u a d r u p o l e m o m e n t , and i t wi l l e x p e r i e n c e an o r i e n t a t i o n - d e p e n d e n t 
t o r q u e when p l a c e d in a n o n - u n i f o r m e x t e r n a l e l e c t r i c f ie ld . 
An e l e c t r i c q u a d r u p o l e i s in g e n e r a l a t e n s o r quan t i ty , def ined by 
s i x c o m p o n e n t s of the f o r m 
w h e r e p ( x . , x . , x , ) i s the c h a r g e d e n s i t y of the d i s t r i b u t i o n , v i s the v o l -
1
 J k 
u m e o v e r which it e x t e n d s , the x . ' s a r e a s e t of t h r e e c a r t e s i a n c o o r d i -
2 2 2 2 
n a t e s , a n d r = x. + x . + x, . (90) H o w e v e r , the s y m m e t r y of the s p h e -
1 J K. 
r o i d a l c h a r g e d i s t r i b u t i o n a s s u m e d for the n u c l e u s i s s u c h t h a t t he 
dx. dx. dx. 
1
 J k 
( B - l ) 
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q u a d r u p o l e m o m e n t t e n s o r i s d iagona l in the n u c l e a r c o o r d i n a t e s y s t e m 
s, u, v; w h e r e u a n d v a r e c a r t e s i a n c o o r d i n a t e s in the p lane p e r p e n ­
d i c u l a r to s . M o r e o v e r , the d i agona l t e r m s a r e s i m p l y r e l a t e d (91): 
Q = Q 
uu vv i Q s s (B-2) 
T h e r e f o r e i t i s p o s s i b l e to d e s c r i b e the q u a d r u p o l a r t e n s o r by a s i ng l e 
quan t i t y ; t h i s " n u c l e a r q u a d r u p o l e m o m e n t " i s def ined as 
Q = - Q 
e s s ( B - 3 ; 
w h e r e e i s the c h a r g e of one p r o t o n . Q i s p o s i t i v e for a p r o l a t e n u c l e a r 
c h a r g e s p h e r o i d , n e g a t i v e for a n ob la te s p h e r o i d , and z e r o for a p e r f e c t 
s p h e r e . 
The p o t e n t i a l e n e r g y of a q u a d r u p o l e in an e x t e r n a l e l e c t r i c 
f i e ld d e s c r i b e d by the po t en t i a l funct ion V i s 
'q - 6 LJLI « i j 9x .3x . » 
H 1
 J 1 J 
(B-4) 
o r for the d i agona l n u c l e a r q u a d r u p o l e m o m e n t , 
E = T Q q 6 s s 9
2 V 1 9 2 V _ 1 9 2 V 
a 2 " 2 a 2 Z Z 3s 3u 3v 
(B-5) 
i Q s s 2 i f v _ 1 , s f v , d^V , 3
2 V v 
2 , 2 2 ~ 2 r\ 2 , 2 3s os 3u 3v 
Since V i s a s s u m e d to be due e n t i r e l y to c h a r g e s e x t e r n a l to the n u c l e u s , 
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the quan t i ty in p a r e n t h e s e s v a n i s h e s by L a p l a c e ' s equa t i on . T h u s , wi th 
(B-3 ) , 
V ^ T ? • ( B- 6 ) 
os 
Q u a n t u m - m e c h a n i c a l t r e a t m e n t . — I n a m o l e c u l e the po t en t i a l V which 
g ives r i s e to a n o n - u n i f o r m f ie ld a t the q u a d r u p o l a r n u c l e u s i s due 
p r i n c i p a l l y to v a l e n c e - o r b i t a l e l e c t r o n s , w h o s e a v e r a g e d i s t r i b u t i o n i s 
c o n s t a n t r e l a t i v e to the m o l e c u l a r p r i n c i p a l a x e s . F r o m (B-4) the q u a d -
r u p o l e - i n t e r a c t i o n H a m i l t o n i a n for a s i ng l e q u a d r u p o l a r n u c l e u s i s 
2. 
H „ 4 H ^ ( B - 7 ) 6 u u « i j a x . a x . 1
 j 1 j 
w h e r e the x^ a r e the n u c l e a r c o o r d i n a t e s s, u, v . I n t e r r e l a t i o n of the 
m o l e c u l a r and the n u c l e a r c o o r d i n a t e s y s t e m s c a n be a c c o m p l i s h e d by 
t r a n s f o r m a t i o n s wh ich e x p r e s s both the n u c l e a r q u a d r u p o l e t e n s o r a n d 
the m o l e c u l a r f i e ld g r a d i e n t t e n s o r in the s p a c e - f i x e d c o o r d i n a t e s y s t e m 
X Y Z . 
The m o s t g e n e r a l w a y to d e t e r m i n e the a l l o w e d e n e r g y l e v e l s of 
a r o t o r wi th q u a d r u p o l e i n t e r a c t i o n i s to c o n s t r u c t the m a t r i x 
( n | H r + H ^ | n ' ) in a c o n v e n i e n t r e p r e s e n t a t i o n a n d s o l v e i t s s e c u l a r 
e q u a t i o n (or " d i a g o n a l i z e " the m a t r i x ) . One s u i t a b l e r e p r e s e n t a t i o n is 
t h a t of the r o t a t i o n a l - n u c l e a r w a v e f u n c t i o n s , 
(B-8) 
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w h e r e ^j j j^j- i-s a n a s y m m e t r i c - r o t o r e igenfunc t ion (Appendix A), and 
is a n u c l e a r sp in e igenfunc t ion c h a r a c t e r i z e d by the sp in q u a n t u m 
n u m b e r I and the q u a n t u m n u m b e r m of the p r o j e c t i o n of the sp in on the 
s p a c e - f i x e d Z a x i s . Ano the r r e p r e s e n t a t i o n , p a r t i c u l a r l y a p p r o p r i a t e 
for the f i e l d - f r e e r o t a t i o n of the m o l e c u l e , i s t ha t of the wavefunc t ions 
i / r n V r l r n 
J T I F M „ A> I M T M . I m . ; M. + m . = M „ . (B-9) F l l l l I F \ / 
—> —> 
H e r e F i s the q u a n t u m n u m b e r of the v e c t o r r e s u l t a n t of J and I . It 
c an t a k e the v a l u e s 
F = I + J, I + J - l , I + J - 2 , . . . | l - j | . (B-10) 
Mp, i s the q u a n t u m n u m b e r of the p r o j e c t i o n of F on the s p a c e - f i x e d Z 
a x i s . E a c h e igenfunc t ion in the J T I F M „ r e p r e s e n t a t i o n i s a l i n e a r c o m -
b i n a t i o n of t h o s e e igen func t ions in the J r M I m r e p r e s e n t a t i o n for wh ich 
M + m = M™. The e x p a n s i o n coe f f i c i en t s a r e the " C l e b s c h - G o r d a n " or 
" v e c t o r - a d d i t i o n " coe f f i c i en t s ( 9 2 ) . 
The f o r m s of the m a t r i x e l e m e n t s of H in the J r l F M ^ r e p r e s e n -
q F r 
t a t i o n h a v e b e e n g iven by B r a g g (93) . The m a t r i x i s i n d e p e n d e n t of M ^ ; 
the n o n - v a n i s h i n g e l e m e n t s a r e t h o s e for F ' = F ; J ' = J, J ± 1, J ± 2 . 
F i r s t - o r d e r t h e o r y . — I f the q u a d r u p o l e i n t e r a c t i o n e n e r g y i s s m a l l c o m ­
p a r e d to the d i f f e r ence b e t w e e n the r o t a t i o n a l e n e r g y of the s t a t e 
and tha t of any o t h e r s t a t e , the p e r t u r b a t i o n wi l l c a u s e n e g l i g i b l e m o d i f i ­
c a t i o n of the e igen func t ions by m i x i n g wi th t h o s e of o t h e r s t a t e s . In 
t h i s c a s e the i n t e r a c t i o n c a n be h a n d l e d by c o n v e n t i o n a l f i r s t - o r d e r p e r ­
t u r b a t i o n t h e o r y . The f i r s t - o r d e r q u a d r u p o l e i n t e r a c t i o n e n e r g y E , 
9L 
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which i s to be a d d e d a l g e b r a i c a l l y to the r o t a t i o n a l e n e r g y E J t , i s g iven 
by the v a l u e of the s i n g l e m a t r i x e l e m e n t 
E = ( J T I F M ^ I H I JT I F M ^ ) . ( B - l l ) q 1 F 1 q ' F 
With B r a g g ' s e x p r e s s i o n for t h i s e l e m e n t one c a n w r i t e 
E = e Q q j T g ( I , J , F) , (B-12) 
w h e r e 
Q =
^
I m l Q zzl I m Wi • ( B"1 3 : 
q J r = (JTM a
2v J T M ) M = J , (B-14) 
j
 F ) - ( 3 /4 )C(C + 1) - 1(1+ 1)J (J + 1) . { 5 ) 
g { L , j t X ) - 21(21 - 1 ) J (2J - 1) ' ( * i 0 ) 
C = F ( F + 1) - 1(1 + 1) - J ( J + 1) . ( B - 1 5 ' ) 
E q u a t i o n ( B - l 3 ) i s the q u a n t u m - m e c h a n i c a l def in i t ion of the n u ­
c l e a r q u a d r u p o l e m o m e n t ; i t c o r r e s p o n d s to the c l a s s i c a l def in i t ion 
( B - 3 ) . Q<£Z * s a t e n s o r c o m p o n e n t of the f o r m ( B - l ) ; h e r e the c o o r d i ­
n a t e s x^, Xy x ^ 5 h a v e t h e i r o r i g i n a t the c e n t r o i d of the n u c l e u s bu t 
have f ixed o r i e n t a t i o n p a r a l l e l to the s p a c e - f i x e d XYZ a x e s . Q-^Z * s 
a v e r a g e d o v e r the sp in m o t i o n of the n u c l e u s in the s t a t e m = I, for 
w h i c h the n u c l e a r s y m m e t r y a x i s s m o s t n e a r l y c o i n c i d e s wi th Z . 
In the f a c t o r q ^ the s e c o n d d e r i v a t i v e of V i s t a k e n wi th r e s p e c t 
to the a x i s x ^ p a r a l l e l to the s p a c e - f i x e d Z a x i s ; i t i s a v e r a g e d o v e r 
the r o t a t i o n a l m o t i o n of the m o l e c u l e in the s t a t e M = J, for which J 
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m o s t n e a r l y c o i n c i d e s wi th Z . The e v a l u a t i o n of i s the only f e a t u r e 
of the p r o b l e m tha t d i f fe rs for a s y m m e t r i c , s y m m e t r i c , and l i n e a r 
r o t o r m o l e c u l e s . 
2 
With the no t a t i on (3 V / 3 x 3y) = V , e t c . , one c a n e x p r e s s V„
 7 
in t e r m s of the d e r i v a t i v e s of V wi th r e s p e c t to the r o t o r p r i n c i p a l a x e s 
by 
V--=& V Vuu + ®1 V (B-16) ZZ Z a a a Zb bb Zc cc 
+ 2% <& , V , + 2% <fr V 
Z a Zb ab Z a Zc ac 
+ 2
* Z b * Z c V b c 
w h e r e the 3>'s a r e the d i r e c t i o n c o s i n e s i n t r o d u c e d in Appendix A. 
B r a g g shows (5), t ha t the " c r o s s p r o d u c t " m a t r i x e l e m e n t s 
( j T M | $ Z a $ Z B | J 'T'M) , e t c . , (B-17) 
v a n i s h for J ' , T 1 = J , T, SO tha t only the m a t r i x e l e m e n t s of the s q u a r e d 
d i r e c t i o n c o s i n e s a p p e a r in ( B - 1 4 ) . B r a g g and Golden (6) e x p r e s s the 
2 2 $ z ' s in t e r m s of the s q u a r e d a n g u l a r m o m e n t u m o p e r a t o r s P , wh ich 
a l s o a p p e a r in the r o t a t i o n a l H a m i l t o n i a n . In t h i s m a n n e r they a r e ab le 
to d e r i v e q T for the s t a t e J in t e r m s of the r o t o r r e d u c e d e n e r g y E(K) 
for tha t s t a t e : 
1
 - v 
1JT (J + 1)(2J + 3 ) a a 
+ 2 V 8Efc) + y 
bb 9 K CC 
' j ( J + l ) + E ( K ) - ( K + l ) 8 - | M - ] < B " 1 8 > 
J ( J + l) - E ( K ) + (K - I ) 8 E 
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In s u b s t i t u t i n g th i s e x p r e s s i o n in ( B - l 2 ) , one ob ta ins a s f a c t o r s the 
" q u a d r u p o l e coupl ing c o n s t a n t s , " 
a a a a bb bb cc cc (B-19) 
S ince V obeys L a p l a c e ' s equa t ion , the r e l a t i o n 
X a a + X b b + X c c = 0 (B-20) 
c a n be u s e d to effect a s i m p l i f i c a t i o n . A p p r o p r i a t e f a c t o r i n g y i e l d s the 
e x p r e s s i o n 
E = G(J , r ) f(I, J , F) 
q 
w h e r e G(J,T) = A(J,T) X + + B(J,T) X 
A(J,T) = 1 - 3 8E(K) J ( J + 1) BK 
B(J,T) = 1 





X = X +X
 ; x = X - X + a a cc - a a cc (B-25) 
f(I, J , F) = YT+1 G ( I ' J ' F ) (B-26) 
The f a c t o r f(I, J, F ) i s known a s C a s i m i r ' s funct ion; i t i s t a b u l a t e d in 
the books by Townes and Schawlow (94) and by G o r d y , Smi th , and 
T r a m b a r u l o (95) . 
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T a b l e 14. Coef f ic ien t s for E v a l u a t i o n of Q u a d r u p o l e I n t e r a c t i o n 
E n e r g i e s in A s y m m e t r i c - R o t o r M o l e c u l e s 
JT A(J,T) B(J ,T) 
°0 0 0 
h - 1 / 2 1/2 
1 0 
- 1 / 2 - 1 / 2 
2 2 
—K 
V + 3 
1 
K +3 
2 1 1/2 1/2 
2 0 - 1 0 
2




V + 3 V + 3 
(Cont inued) 
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Tab le 14. (Cont inued) 
JT A ( J , r ) B ( J , r ) 
1 + 8 K - 6 
N / 4/< 2 -6/c+6 
1 - ZK-4 
N T 2 K + 15 J V + 15 J 
1 + 8K+6 
V 4 K 2 + 6 K + 6 J 
1 - 2/c+4 
/—j 
4/< +6/c+6 J 
- 1 
8 K - 6 
'
s / 4 K 2 - 6 K + 6 J 
1 + 2 K - 4 
n / 4 K 2 - 6 K + 6 J 
- 2 1 + 
>T2 L V " + 15 J L v 7 T 7 J 
' - 3 1 -
8/C+6 
4/c +6K+6 
1 + 2K+4 
N/ 2 4K +6K+6 
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It i s s o m e t i m e s c o n v e n i e n t to w r i t e e x p l i c i t l y 
G( J, r ) = C( J, T) X + D( J, r ) X„„ , (B-27) 
cicL C C 
w h e r e C( J , T) = A( J, T) + B( J, T) , (B-28) 
D(J,T) = A(J,T) - B(J,T) . (B-28) 
F o r c a l c u l a t i o n of the coe f f i c i en t s A(J , T) and B ( J , T), E(K) and 
i t s d e r i v a t i v e c a n be found by i n t e r p o l a t i o n in r e d u c e d e n e r g y t a b l e s (36), 
H o w e v e r , for l o w - J e n e r g y l e v e l s A(J , T) and B( J , r) c a n be e x p r e s s e d 
a s e x p l i c i t func t ions of K; t h e s e e x p r e s s i o n s a r e g iven in Tab le 14 for 
the l e v e l s t h r o u g h J = 3 . 
It i s c u s t o m a r y to e x p r e s s the q u a d r u p o l e coup l ing c o n s t a n t s in 
m e g a c y c l e s ; in t h i s u s a g e P l a n c k ' s c o n s t a n t i s a n i m p l i c i t d i v i s o r of 
eQV in the de f in i t ions ( B - 1 9 ) . E q u a t i o n (B-21) t hen g ives E / h in 
88 q. 
m e g a c y c l e s . 
The M i z u s h i m a t r e a t m e n t of the c o m b i n e d S t a r k and q u a d r u p o l e 
p e r t u r b a t i o n s (Appendix C) u s e s the J 'T 1 = JT m a t r i x e l e m e n t s of H ^ in 
the j T M I m r e p r e s e n t a t i o n ( B - 8 ) . T h e s e e l e m e n t s h a v e b e e n e v a l u a t e d 
by Ke l logg e t a l . (96); t h e y c a n be w r i t t e n : 
( JTMIm| H | J r M ' I m ' ) = Z(J , T) ( M m | T | M ' m ' ) , (B-29) 
w h e r e
 Z ( j ,
 T ) = ^ j - ^ i i L — — , (B -30 ) 
( M m | T | M m ) = y [ 3 m 2 - 1(1+ 1)] [ 3 M 2 - J ( J + 1)] , (B-31) 
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( M m | T | M - l , m+1) = (B-32) 
3 1 7 ( 2 M - l ) ( 2 m + l ) [ ( J + M ) ( J - M + l ) ( I - m ) ( I + m + l ) ] 2 
( M m | T | M+1, m - l ) = (B-33) 
3 1 
- | ( 2 M + l ) ( 2 m - l ) [ ( J - M ) ( J + M + l ) ( I + m ) ( I - m + l ) ] 2 
( M m | T | M - 2 , m+2) = | [ (J+M)(J+M-1 ) (J -M+1 ) (J -M+2) X (B-34) 
( I - m ) ( I - m - l ) ( I + m + l ) ( I + m + 2 ) ] 2 , 
(Mm I T | M+2, m - 2 ) = -2[ (J -M)(J -M-1 ) (J+M+1 ) (J+M+2 ) X (B-35) 
4 l 
( I + m ) ( I + m - l ) ( I - m + l ) ( I - m + 2 ) ] 
L i m i t a t i o n s of f i r s t - o r d e r t h e o r y . — I n an a s y m m e t r i c r o t o r one often 
f inds p a i r s of r o t a t i o n a l l e v e l s for wh ich the e n e r g y s e p a r a t i o n is not 
m a n y t i m e s g r e a t e r than the q u a d r u p o l e i n t e r a c t i o n e n e r g y . If H h a s 
a n o n - v a n i s h i n g m a t r i x e l e m e n t c o n n e c t i n g a p a i r of such s t a t e s , the 
p e r t u r b a t i o n wi l l c a u s e i n t e r m i x i n g of t h e i r w a v e f u n c t i o n s . The f i r s t -
o r d e r t r e a t m e n t , in which the a v e r a g e v a l u e of the i n t e r a c t i o n e n e r g y 
i s e v a l u a t e d wi th the e igenfunc t ion of one s t a t e only, then b e c o m e s i n ­
a c c u r a t e . The c o r r e c t a l l owed r o t a t i o n a l - p l u s - i n t e r a c t i o n e n e r g i e s for 
the two n e a r - d e g e n e r a t e s t a t e s c a n be d e t e r m i n e d , h o w e v e r , by so lv ing 
the q u a d r a t i c s e c u l a r equa t i on of the 2X2 m a t r i x (n | + H ^ j n ' ) : 
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E J r ( l ) + ( l | H q | l ) - E d | H q | 2 ) 
( 2 | H Q | D E J T ( 2 ) + ( 2 | H q | 2 ) - E 
= 0 , (B-36) 
w h e r e n, n ' = 1, 2 r e p r e s e n t the q u a n t u m - n u m b e r l a b e l s of the two s t a t e s . 
While B r a g g (93) h a s g iven the f o r m s of the o f f -d iagona l e l e m e n t s 
of H , the f a c t o r s 
q 
( J t M | V | J ' T ' M ) M = M=J (B-37) 
which a p p e a r in t h e m (ana logous to q j T ) have not ye t b e e n e v a l u a t e d for 
J " T « 4 J T . 
The m o s t f r e q u e n t l y o c c u r r i n g p a i r s of n e a r - d e g e n e r a t e s t a t e s 
a r e t h o s e a d j a c e n t l e v e l s of the s a m e J wh ich would be c o m p l e t e l y 
d e g e n e r a t e in the s y m m e t r i c - r o t o r l i m i t . F r o m a s y m m e t r y a r g u m e n t 
B r a g g shows t h a t for t h e s e l e v e l s the only c o n t r i b u t i o n to (B-37) c o m e s 
f r o m one of the d i r e c t i o n - c o s i n e c r o s s p r o d u c t s ( B - 1 7 ) . T h e m a t r i x 
e l e m e n t c o n n e c t i n g the s t a t e s t h e r e f o r e c o n t a i n s a c r o s s - d e r i v a t i v e of 
V a s a f a c t o r . F o r t u n a t e l y , in n i t r y l c h l o r i d e and in n u m e r o u s o t h e r 
m o l e c u l e s the s t r u c t u r a l c o n f i g u r a t i o n i s s u c h tha t the i n e r t i a l p r i n c i p a l 
a x e s a r e a l s o p r i n c i p a l a x e s of the f ie ld g r a d i e n t t e n s o r . All c r o s s -
d e r i v a t i v e s of V then v a n i s h a n d no d e g e n e r a c y ef fec ts a r e o b s e r v e d . 
C h a r a c t e r i s t i c s of h y p e r f i n e s t r u c t u r e . — T h e s e l e c t i o n r u l e fo r h y p e r ­
fine s t r u c t u r e i s 
A F = 0, ± 1 , (B-38 ; 
wh ich i s to b e u s e d in con junc t ion wi th the s e l e c t i o n r u l e s for p u r e 
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r o t a t i o n a l t r a n s i t i o n s d i s c u s s e d in Appendix A. R e l a t i v e i n t e n s i t i e s of 
the h y p e r f i n e c o m p o n e n t s a r e s t r o n g l y dependen t upon A F ; they c a n be 
found f r o m p u b l i s h e d t a b l e s (94, 95). 
If the q u a d r u p o l e i n t e r a c t i o n e n e r g y i s w r i t t e n in the f o r m 
(B-21), wi th X ' s e x p r e s s e d in m e g a c y c l e s , t h e f r e q u e n c y of the h y p e r ­
fine c o m p o n e n t J T F -* J ' T ' F ' i s 
v = v 4- G ( J ' , T ' ) f ( I J ' F ' ) - G(J, T ) f ( I JF) , (B-39) 
o 
w h e r e V q i s the u n p e r t u r b e d " g r o u p - c e n t e r " f r e q u e n c y for the t r a n s i t i o n 
J"T -* J'Ti- The f r e q u e n c y s e p a r a t i o n b e t w e e n two s u c h h y p e r f i n e c o m ­
ponen t s of the s a m e t r a n s i t i o n i s t h e r e f o r e 
v l " v2 = [ f( I J' Fi) - f(U'F^)] G ( J ' , T ' ) (B-40) 
- [ f d J F j ) - f ( I J F 2 ) ] G ( J , T ) . 
As a p r e l i m i n a r y s t e p in the a n a l y s i s of s p e c t r a , i t i s helpful to 
p r e p a r e a t ab l e of the n u m e r i c a l v a l u e s of the b r a c k e t e d coe f f i c i en t s of 
the G's for the s p a c i n g s b e t w e e n a l l p a i r s of h y p e r f i n e c o m p o n e n t s of 
e a c h t r a n s i t i o n of i n t e r e s t . Th i s c a n be done qu i te r e a d i l y by r e f e r e n c e 
to t a b l e s of C a s i m i r ' s funct ion , and i t wi l l g e n e r a l l y be found tha t c e r ­
t a i n p a i r s of s p a c i n g s a r e e i t h e r equa l o r o t h e r w i s e s i m p l y r e l a t e d in 
m a g n i t u d e r e g a r d l e s s of the v a l u e s of the m o l e c u l a r p a r a m e t e r s G(J, T ) 
and G ( J ' , T ' ) . T h i s r e s u l t , a c o n s e q u e n c e of the s i m p l e r a t i o n a l - f r a c t i o n 
f o r m of f ( I J F ) , i s usefu l in the iden t i f i c a t i on of c o m p o n e n t s . F u r t h e r ­
m o r e , c e r t a i n s p a c i n g s c an often be found f r o m which n u m e r i c a l v a l u e s 
of the G's c a n be d e t e r m i n e d i m m e d i a t e l y , thus l e a d i n g qu i ck ly to f i r s t 
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e s t i m a t e s of the q u a d r u p o l e coupl ing c o n s t a n t s . B e c a u s e the s pac ing 
r e l a t i o n s d e t e r m i n e d in th i s m a n n e r depend only upon I, J, and J ' , and 
a r e i n d e p e n d e n t of T and the G ' s , one t ab l e suf f ices for s e v e r a l t r a n s i ­
t ions and a p p l i e s to any m o l e c u l e wi th the s a m e I. 
M a x i m u m l i ke l i hood c a l c u l a t i o n of q u a d r u p o l e c o u p l i n g s . — T h e p r o c e s s 
of c a l c u l a t i n g q u a d r u p o l e coup l ings i s one of s u c c e s s i v e r e f i n e m e n t , 
c l o s e l y c o n n e c t e d wi th the d e t e r m i n a t i o n of g r o u p - c e n t e r f r e q u e n c i e s 
and the c a l c u l a t i o n of r o t a t i o n a l c o n s t a n t s . A f i r s t e s t i m a t e of g r o u p -
c e n t e r f r e q u e n c i e s f r o m i n t e n s i t y - w e i g h t e d a v e r a g e s of h y p e r f i n e c o m ­
ponen t f r e q u e n c i e s wi l l g e n e r a l l y p e r m i t c a l c u l a t i o n of the r o t a t i o n a l 
c o n s t a n t s and K wi th suf f ic ient a c c u r a c y for m a k i n g f i r s t e s t i m a t e s of 
the q u a d r u p o l e coupl ing c o n s t a n t s . T h e s e coup l ings in t u r n p e r m i t a 
m o r e a c c u r a t e d e t e r m i n a t i o n of g r o u p - c e n t e r f r e q u e n c i e s , f r o m which 
K c an be ob ta ined wi th suf f ic ien t a c c u r a c y for u s e in c a l c u l a t i o n of p r e ­
c i s e q u a d r u p o l e c o u p l i n g s . F i n a l l y , the r o t a t i o n a l c o n s t a n t s c a n be 
r e v i s e d if n e c e s s a r y , u s ing p r e c i s e g r o u p - c e n t e r f r e q u e n c i e s . 
If a p p r o p r i a t e t r a n s i t i o n s c a n be o b s e r v e d , v a r i o u s s p a c i n g s 
m a y be found such tha t e a c h depends s t r o n g l y upon a d i f f e ren t coupl ing 
c o n s t a n t ; in th i s c a s e a qu ick s o l u t i o n f r o m the e x p r e s s i o n s for G( J, r ) 
i s l i ke ly to b e a c c u r a t e . H o w e v e r , when s p a c i n g s a r e s m a l l o r when the 
e x p e r i m e n t a l da ta a r e l i m i t e d (as for n i t r y l c h l o r i d e , w h e r e m a n y e n e r g y 
l e v e l s a r e not popu la t ed ) , the q u a d r u p o l e coup l ing d e t e r m i n a t i o n b e c o m e s 
qu i te s e n s i t i v e to f r e q u e n c y - m e a s u r e m e n t e r r o r s . It i s then i m p o r t a n t 
to m a k e ef f ic ient u s e of a l l a v a i l a b l e d a t a . 
N u m e r o u s e q u a t i o n s of the f o r m (B-40) c a n be w r i t t e n for the 
s p a c i n g s a m o n g v a r i o u s h y p e r f i n e c o m p o n e n t s of o b s e r v e d t r a n s i t i o n s . 
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T h e s e equa t i ons r e p r e s e n t an ove r d e t e r m i n e d s e t in X and X ; they 
a a c c 
wi l l be s l igh t ly i n c o n s i s t e n t b e c a u s e of f r e q u e n c y m e a s u r e m e n t e r r o r s . 
T h i s s i t u a t i o n s u g g e s t s a p p l i c a t i o n of the " m e t h o d of l e a s t s q u a r e s " (97), 
w h e r e b y v a l u e s of X and X c a n be c h o s e n to m i n i m i z e the s u m of the 1
 a a cc 
s q u a r e s of the d i f f e r ences b e t w e e n the m e a s u r e d and the c a l c u l a t e d l ine 
s p a c i n g s . H o w e v e r , the m e r i t of th i s p r o c e d u r e depends upon c e r t a i n 
d i s c r e t i o n in i t s u s e ; i t i s n e c e s s a r y to c o n s i d e r in what s e n s e a l e a s t -
s q u a r e s f i t t ing of e x p e r i m e n t a l da ta m a y be c o n s i d e r e d a " b e s t " fit (98) . 
L e t r e p r e s e n t t he m e a s u r e d v a l u e of a p h y s i c a l quan t i ty for 
wh ich the c a l c u l a t e d or t h e o r e t i c a l v a l u e i s XP(a, (3, . . . ); w h e r e a, (3, . . . 
a r e p a r a m e t e r s in the t h e o r e t i c a l e x p r e s s i o n . If the h y p o t h e s i s i s m a d e 
tha t X? is the a c t u a l e x a c t v a l u e of the quan t i ty , the d i f f e rence 
x. = (X. - X°) (B-41) l v I I V 
m u s t b e a t t r i b u t e d to e x p e r i m e n t a l m e a s u r e m e n t e r r o r . If such e r r o r s 
a r e r a n d o m and a r e c h a r a c t e r i z e d by the " n o r m a l " or " G a u s s i a n " d i s t r i ­
bu t ion l aw wi th s t a n d a r d dev ia t ion cr, the a m p l i t u d e of the p r o b a b i l i t y 
d e n s i t y funct ion a t x = x. i s 
1 2 
7 x. 
? 2 I 
w(x.) = — - e 6 ( T (B-42) 
Suppose tha t a n u m b e r of d i f fe ren t q u a n t i t i e s X^, X^, . . . have b e e n m e a ­
s u r e d , to which t h e r e c o r r e s p o n d t h e o r e t i c a l v a l u e s X ° , X^, . . . , a l l 
func t ions of the s a m e p a r a m e t e r s a, (3, . . . . If (and only if) the m e a s u r e ­
m e n t e r r o r s a r e i n d e p e n d e n t of e a c h o t h e r and a r e c h a r a c t e r i z e d by the 
s a m e s t a n d a r d dev ia t ion , the o v e r - a l l p r o b a b i l i t y d e n s i t y for the s e t of 
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e r r o r s x 1 , x ? , . . . i s g iven by the p r o d u c t 
n N 
w ( x , , X : 2 , . . . ) w(x.) = ZCR 1 e (B-43) 
A log ica l ob jec t ive of da t a - f i t t i ng i s the a d j u s t m e n t of the p a r a m e t e r s 
a, (3, . . . to m a x i m i z e the l i ke l i hood tha t the r e s i d u a l d i f f e r e n c e s x^ a r e 
due to r a n d o m m e a s u r e m e n t e r r o r s . Th i s cond i t ion r e q u i r e s t h a t the 
exponen t f a c t o r 
be m i n i m i z e d , the " p r i n c i p l e of l e a s t s q u a r e s . " The v a l i d i t y of t h i s 
p r i n c i p l e r e s t s upon the a s s u m p t i o n s tha t the m e a s u r e m e n t e r r o r s a r e 
i n d e p e n d e n t of e a c h o t h e r and h a v e the s a m e s t a n d a r d d e v i a t i o n . 
p e r f i n e c o m p o n e n t s p a c i n g s wi l l not be i n d e p e n d e n t , and a l e a s t - s q u a r e s 
R E D U C T I O N of such da ta wi l l not give " m a x i m u m l i k e l i h o o d " v a l u e s of the 
q u a d r u p o l e c o u p l i n g s . The i n d e p e n d e n t e r r o r s a r e t h o s e in the i n d i v i d ­
ual l i n e - f r e q u e n c y m e a s u r e m e n t s . It i s p o s s i b l e to s e l e c t s p a c i n g s 
and c o m b i n a t i o n s of s p a c i n g s which r e p r e s e n t a c o m p l e t e s e t of i n d e p e n ­
dent , equa l ly w e i g h t e d " s t a t i s t i c a l d e g r e e s of f r e e d o m ; " but i t i s m o r e 
s t r a i g h t f o r w a r d to e x p r e s s the X's d i r e c t l y in t e r m s of i nd iv idua l l i ne 
f r e q u e n c i e s . 
L e t be the m e a s u r e d f r e q u e n c y of one of the n h y p e r f i n e c o m ­
p o n e n t s of the t r a n s i t i o n J T - » J ' T 1 . The f r e q u e n c y v? c a l c u l a t e d f r o m 
I 
In g e n e r a l the e r r o r s in an i n d i s c r i m i n a t e l y s e l e c t e d s e t of h y -
I 
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the f i r s t - o r d e r t h e o r y i s g iven by the r i g h t - h a n d s ide of (B-39) ; i t m a y 
be w r i t t e n 
v ° = v + c.X + d.X , (B-44) 
1 o 1 a a 1 cc 
w h e r e c. = C ( J ' T ' ) f f l J 'F ! ) - C ( J T ) f ( I JF . ) , 
d. = D ( J ' T » ) f ( I J 'F ! ) - D ( J T ) f ( I JF . ) . 
H e r e c. a n d d. a r e n u m e r i c a l coe f f i c i en t s o b t a i n e d by i n s e r t i n g f s f r o m i i / & 
p u b l i s h e d t a b l e s and C , D ' s f r o m e q u a t i o n s ( B - 2 8 , 2 3 , 24) . The e x p r e s s ­
ions of the f o r m (B-44) for i = 1, 2, . . . n c o n s t i t u t e an ove r d e t e r m i n e d 
s e t in the unknowns v , X , X , wh ich a r e to be c h o s e n to m i n i m i z e 
o aa cc 
the s u m 
y ( v . _ v ° ) 2 =V (v._ v _c.X - d . X ) 2 . (B-45) V x I r V x I o l a a I cc x ' 
M i n i m i z a t i o n of t h i s quan t i t y i s a c c o m p l i s h e d by r e q u i r i n g t ha t i t s d e ­
r i v a t i v e s wi th r e s p e c t to v , X , and X e a c h v a n i s h . T h e s e c o n d i -
c
 o aa cc 
t ions g ive the fo l lowing t h r e e l i n e a r e q u a t i o n s to be s o l v e d s i m u l t a n e o u s ­
ly for the t h r e e unknowns : 
£ " i = 2 <" Q + c . X a a + d . X c c ) . (B-46) 
E C . V . = E ( C - V + c 2 X + C . d . X ) , (B-47) V I I v I o I a a I l cc x 
Y. d.v. = y (d.v + c.d.X + d 2X ) . (B-48) 
^ 1 1 4-* V I o i i a a l c c ' x 
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The f i r s t of t h e s e e q u a t i o n s c a n be w r i t t e n 
= - Y, (v. - c.X - d.X ) . (B-49) 
n M i 1 a a 1 cc 
v 
o 
As m i g h t have b e e n e x p e c t e d , i t s t a t e s tha t t he m a x i m u m - l i k e l i h o o d 
v a l u e of the g r o u p - c e n t e r f r e q u e n c y i s the a r i t h m e t i c m e a n of the i n d i ­
v idua l l ine f r e q u e n c i e s m i n u s t h e i r q u a d r u p o l e - i n t e r a c t i o n sh i f t s a s 
c a l c u l a t e d wi th m a x i m u m - l i k e l i h o o d X ' s . 
Subs t i t u t i on of (B-49) in (B-47) and (B-48) g ive s the fol lowing 
two e q u a t i o n s , f r o m which X and X c a n be ob t a ined r e a d i l y . 
aa c c 
I c i S i = I I C i< c r 7 > X a a + c i < d i ^ > X c c ] • < B " 5 0 ) 
1 1 
Y. d.S. = Y, [d.(c.-"c") X + d . ( d . - d ) X ] , (B-51) i i LJ L ! x i a a I I cc J 








 i l c i • ( B - 5 4 ) 
- i 4 Ed. . (B-55) 
The s u m m a t i o n s shou ld i nc lude a l l w e l l - r e s o l v e d l i n e s of the 
t r a n s i t i o n ; i t i s r e a s o n a b l e to a s s u m e tha t a l l such l i n e s a r e m e a s u r e d 
wi th e q u a l p r o b a b l e e r r o r . L i n e s not w e l l - r e s o l v e d c a n be e x c l u d e d 
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f r o m c o n s i d e r a t i o n ; n then b e c o m e s the n u m b e r of l i n e s i nc luded in the 
d e t e r m i n a t i o n . F o r a s t r o n g d e t e r m i n a t i o n of the q u a d r u p o l e c o u p l i n g s , 
i t i s d e s i r a b l e to p e r f o r m a m a x i m u m - l i k e l i h o o d f i t t ing of the hype r f ine 
s t r u c t u r e s of s e v e r a l t r a n s i t i o n s s i m u l t a n e o u s l y . V a l u e s of V, c", a n d d 
m u s t of c o u r s e be c a l c u l a t e d for e a c h t r a n s i t i o n s e p a r a t e l y , but once 
th i s i s done the l i ne s of a l l t r a n s i t i o n s c a n be i n c l u d e d in the s ing le p a i r 
of s u m m a t i o n s (B-50) and ( B - 5 1 ) . 
I l l u s t r a t i o n of m a x i m u m - l i k e l i h o o d da ta r e d u c t i o n . — C o n s i d e r , for e x -
37 
a m p l e , the J T : 2 _ 2 ~* t r a n s i t i o n of NO^Cl . Appendix D l i s t s the 
m e a s u r e d f r e q u e n c i e s of s e v e n hype r f i ne c o m p o n e n t s , a l l w e l l - r e s o l v e d : 
F = 3/2 -• F ' = 3/2 v l = 25, 369 . 52 Mc 
F = 5/2 , F ' = 5/2 v 2 = 2 5 , 3 6 4 . 6 8 
F = 5/2 , F« = 7/2 v 3 = 2 5 , 3 5 6 . 3 8 
F = 7/2 , F ' = 9/2 v 4 = 25 , 3 5 5 . 9 7 
F = 3/2 , F ' = 5/2 v 5 = 25, 3 5 1 . 6 4 
F = 1/2 , F ' = 3/2 v 6 = 25, 3 5 1 . 20 
F = 7/2 , F ' = 7/2 v 7 = 25 , 338. 08 
The a r i t h m e t i c m e a n of the m e a s u r e d f r e q u e n c i e s i s v = 25 , 3 5 5 . 3 5 3 Mc , 
and the s p a c i n g s f r o m the m e a n a r e : 
S, = 1 4 . 1 6 7 Mc S , = - 3 . 7 1 3 1 5 
5 2 = 9 .327 S 6 = - 4 . 153 
5 3 = 1.027 S ? = - 1 7 . 2 7 3 
SA = 0. 617 
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The t a b l e s of T o w n e s and Schawlow (94) give the fol lowing v a l u e s of 
C a s i m i r ' s funct ion , f ( I JF ) , for I = 3/2; t hey a r e r a t i o n a l f r a c t i o n s which 
cou ld have b e e n ob t a ined f r o m (B-26) and ( B - 1 5 ) . 
J F f ( IJF) 
2 7/2 0 . 0 7 1 4 2 9 
5/2 - 0 . 1 7 8 5 7 1 
3/2 0 
1/2 0 . 2 5 0 0 0 0 
3 9/2 0 . 0 8 3 3 3 3 
7/2 - 0 . 1 6 6 6 6 7 
5/2 - 0 . 0 5 0 0 0 0 
3/2 0 .200000 
37 
The f inal v a l u e s of the NO^Cl r o t a t i o n a l c o n s t a n t s , l i s t e d in Tab le 2, 
C h a p t e r IV, give K = ( 2 B - A - C ) / ( A - C ) = - 0 . 7 1 3 0 8 . F r o m e q u a t i o n s (B-28) 
and T a b l e 14, one f inds 
C ( 2 , - 2 ) = - 0 . 914572 D ( 2 , - 2 ) = 0. 153 180 
C ( 3 , - 3 ) = - 0 . 7 9 3 9 3 7 D ( 3 , - 3 ) = 0 .370143 
The coe f f i c i en t s c^ and d^ in e q u a t i o n (B-44) a r e t h e r e f o r e : 
c l = - 0 . 1587874 d l = 0. . 0740286 
c 2 = - 0 . 1236192 
d2 = 0. .0088464 
c 3 = - 0 . 0309932 d 3 = - 0 . 0343370 
C 4 = - 0 . 0008345 d 4 = 0. 0199038 
c 5 = 0. 0396968 d 5 = - 0 . 0185072 
c 6 = 0. 0698556 d 6 = 0. 0357336 
c 7 = 0. 1976498 d 7 - - 0 . 0726320 
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The a r i t h m e t i c m e a n s of the coe f f i c i en t s a r e c = - 0 . 0 0 1 0 0 4 6 ; 
d = 0 . 0 0 1 8 6 2 3 . C o n s e q u e n t l y , 
c l - c = - 0 . 1577828 d l - d = 0. ,0721663 
c 2 - c = - 0 . 1226146 d 2 -"3 = 0. .0069841 
c 3 - c" = - 0 . 0299886 d 3 - d = - 0 . , 0361993 
c 4 - c = 0. 0001701 d 4 - d = 0. 0180415 
c 5 - "c = 0. 0407014 d 5 - d = - 0 . 0203695 
c 6 - c = 0. 0708602 d 6 - "H = 0. 0338713 
c 7 - c" = 0. 1986544 d 7 - d = - 0 . 0744943 
The s u m m e d coef f i c i en t s a p p e a r i n g in e q u a t i o n s (B-50) and (B-51) a r e 
now found to b e : 
Y C . ( C . - C ) = 0. 08697044 
i 
Y d . (d . -d ) = 0. 01400421 
i 
Y c . (d . -d ) = Y d.(c.-c~) = - 0 . 0 2 4 3 8 1 8 8 
i i 
Y. c .S . = - 7 . 28639 Mc 
Y i i 
I 
Y. d.S. = 2 . 2 8 3 1 8 M c . 
Y I I 
l 
The two e q u a t i o n s thus b e c o m e : 
- 7 . 2 8 6 3 9 Mc = 0 .08697044 X - 0 . 02438188 X 
aa cc 
2 . 2 8 3 1 8 Mc = - 0 . 0 2 4 3 8 1 8 8 X + 0 .01400421 X 
aa cc 
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T h e s e e q u a t i o n s a r e r e a d i l y so lved , e . g. by C r a m e r ' s r u l e , f o r the 
X's: 
X = - 7 4 . 3 8 Mc 
a a 
X = 3 3 . 54 M c . 
cc 
U s e of the f inal r o t a t i o n a l c o n s t a n t s h a s c h a n g e d X c c by 0 . 1 7 Mc f r o m 
the v a l u e found in the p r e l i m i n a r y f i t t ing (Tab le 6, C h a p t e r IV); X i s 
cLcL 
u n c h a n g e d . The r e f i n e m e n t in the d e t e r m i n a t i o n tha t r e s u l t s f r o m includ­
ing l i n e s of a l l J: 2 -* 3 t r a n s i t i o n s h a s b e e n d i s c u s s e d in C h a p t e r IV. 
A P P E N D I X C 
T H E O R Y O F T H E STARK E F F E C T IN 
A S Y M M E T R I C - R O T O R M O L E C U L E S 
The t h e o r y of t h e S t a r k effect fo r the a s y m m e t r i c r o t o r h a s b e e n 
s u m m a r i z e d in C h a p t e r I. In t h i s a p p e n d i x the a p p l i c a b l e r e s u l t s of the 
t h e o r y a r e p r e s e n t e d and d i s c u s s e d in g r e a t e r d e t a i l . 
S t a r k effect in the a b s e n c e of q u a d r u p o l e i n t e r a c t i o n . —If a r o t o r hav ing 
an e l e c t r i c d ipole m o m e n t p. i s s u b j e c t e d to an e x t e r n a l e l e c t r i c f i e l d of 
s t r e n g t h ^ , the r o t o r H a m i l t o n i a n o p e r a t o r i n c l u d e s the S t a r k - e f f e c t 
i n t e r a c t i o n e n e r g y t e r m 
H g = - ^ ( f cos a , ( C - l ) 
w h e r e a i s t he ang l e of o r i e n t a t i o n of p. w i th r e s p e c t to £ . T h i s p e r t u r ­
b a t i o n h a s the s a m e f o r m a s the one c o n s i d e r e d in the d i s c u s s i o n of 
t r a n s i t i o n p r o b a b i l i t i e s and s e l e c t i o n r u l e s in Append ix A, w h e r e £ w a s 
the o s c i l l a t i n g f ie ld of an e l e c t r o m a g n e t i c w a v e . The S t a r k - e f f e c t p r o b -
l e m d i f fe r s only in t h a t the a p p l i e d f ie ld i s to be r e g a r d e d a s f ixed . 
S e v e r a l p r o p e r t i e s of H t h e r e f o r e c a n b e e s t a b l i s h e d i m m e d i a t e l y f r o m 
s 
the r a d i a t i o n - i n t e r a c t i o n d i s c u s s i o n . 
T h i s a s s u m p t i o n does not e x c l u d e f i e lds tha t a r e s w i t c h e d a t a 
s low r a t e in the t i m e s c a l e of m o l e c u l a r p r o c e s s e s , a s in a S t a r k -
m o d u l a t e d s p e c t r o g r a p h . S t a r k e f fec ts for m o r e r a p i d l y v a r y i n g f ie lds 
a r e d i s c u s s ed by T o w n e s and Schawlow (99). 
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The matrix elements of cos a (and consequently of H ) for 
asymmetric-rotor states J T M and J ' T ' M 1 vanish except for J - J ' = 0, ±1 
and M - M1 = 0, ± 1. It is convenient to let the direction of the fixed 
field define the space-fixed Z axis, and to resolve the dipole m o m e n t in­
to components along the rotor principal axes; then 
where as before g represents each of the principal axes and ^ g * s ^ e 
cosine of the angle between Z and g. Letting the field define Z results 
in no loss of generality and it simplifies the problem; one will recall 
that the matrix elements of vanish except for M 1 = M. 
states whose symmetries with respect to ir-rotation about an inertial 
principal axis are paired as in Table 13. In every case they vanish 
for states of the same symmetry, so that in particular 
In perturbation theory this matrix element, the quantum-mechanical 
"average" of the interaction energy for the state JTM, gives the first-
order perturbation energy; the fact that it vanishes here shows that the 
asymmetric rotor exhibits no first-order Stark effect. One could pro­
ceed directly to the conventional second-order perturbation energy ex­
pression, but the importance of near-degeneracy effects m a k e s it 
desirable to take a different approach. 
(C-2) 
( J T M | H I JTM) = 0 (C -3) 
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The n a t u r e of the c o m p l i c a t i o n t ha t a r i s e s in the c a s e of n e a r -
d e g e n e r a c y h a s b e e n po in t ed out in C h a p t e r I . The p r o b l e m h a s b e e n 
w o r k e d out c o m p l e t e l y in a n e l e g a n t m a n n e r by Golden and Wi l son (7). 
F o r the u s u a l s i t u a t i o n w h e r e the e n e r g y of t he l e v e l of i n t e r e s t i s c l o s e 
to tha t of only one o the r s t a t e , t h e i r r e s u l t c an be ob t a ined by an e l e ­
m e n t a r y m e t h o d which shows m o r e c l e a r l y how the t r a n s i t i o n o c c u r s 
f r o m the n o n - d e g e n e r a t e to the d e g e n e r a t e c a s e . 
A qui te g e n e r a l way to d e t e r m i n e the a l l o w e d e n e r g y l e v e l s of 
a r o t o r in an e x t e r n a l e l e c t r i c f ie ld i s to c o n s t r u c t t he m a t r i x 
( J T M | H +H j J 'T 'M') and so lve i t s s e c u l a r equa t ion (or " d i a g o n a l i z e the 
r q 
m a t r i x ) . S ince the m a t r i x i s d iagona l in M, one c a n t r e a t the s u b -
m a t r i c e s for the v a r i o u s M ' s s e p a r a t e l y . The s u b m a t r i c e s h a v e d i a g o ­
na l e l e m e n t s E (J ) and of f -d iagona l e l e m e n t s of H c o n n e c t i n g v a r i o u s 
I* / s 
s t a t e s for which J - J ' = 0 , ± 1 . Now c o n v e n t i o n a l n o n - d e g e n e r a t e p e r ­
t u r b a t i o n t h e o r y p r o v i d e s a t e c h n i q u e for f inding a p p r o x i m a t e v a l u e s of 
t h o s e r o o t s of the s e c u l a r equa t i on tha t l i e n e a r a g iven u n p e r t u r b e d 
l e v e l , s a y E r ( n ) . M a r g e n a u and M u r p h y (100) show tha t the s e c o n d -
o r d e r p e r t u r b a t i o n a p p r o x i m a t i o n c o r r e s p o n d s to r e t a i n i n g only t h o s e 
o f f -d iagona l e l e m e n t s of the s e c u l a r d e t e r m i n a n t t h a t invo lve the s t a t e 
n, and r e p l a c i n g a l l o t h e r o f f -d iagona l e l e m e n t s by z e r o . In the p r e s e n t 
t r e a t m e n t it i s d e s i r e d to a d m i t the p o s s i b i l i t y of d e g e n e r a c y b e t w e e n a 
p a i r of s t a t e s , s a y " 1 " and " 2 " . It i s n e c e s s a r y t h e r e f o r e to r e t a i n off-
d iagona l e l e m e n t s involv ing bo th s t a t e s , and the s e c u l a r d e t e r m i n a n t 
t a k e s the f o r m : 
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E ( 1 ) -
r 
• E ( l | H s | 2 ) ( l | H s | 3 ) ( l | H s | 4 ) ( l | H j 5 ) — > 
( 2 | H 8 | 1) E ( 2 ) - E r ( 2 | H s | 3 ) ( 2 | H s | 4 ) ( 2 | H s | 5 ) 
< 3 I H J 1) ( 3 | H j 2 ) E r ( 3 ) - E 0 0 0 
( 4 | H g | 1) ( 4 | H s | 2 ) 0 E ( 4 ) - E r 0 0 
< 5 l H s l 1) ( 5 | H s | 2 ) 0 0 E ( 5 ) - E r 0 
1 1 0 0 0 
th 
The o f f -d iagona l e l e m e n t s in the t h i r d t h r o u g h n— r o w s c a n be e l i m i n a t e d 
th 
by s u b t r a c t i n g m u l t i p l e s of the t h i r d t h r o u g h n— c o l u m n s f r o m the f i r s t 
two c o l u m n s . Mul t ip ly the t h i r d c o l u m n by ( 3 | H | l ) / [ E (3) - E] and 
s u b t r a c t the r e s u l t f r o m the f i r s t c o l u m n ; m u l t i p l y the t h i r d c o l u m n by 
(3 | H | 2 ) / [ E (3) - E] and s u b t r a c t the r e s u l t f r o m the s e c o n d c o l u m n . 
T h i s o p e r a t i o n e l i m i n a t e s o f f -d i agona l e l e m e n t s f r o m the t h i r d r o w . 
th 
Con t inu ing in t h i s f a sh ion for the r e m a i n i n g fou r th t h r o u g h n—- r o w s , one 
o b t a i n s : 
w h e r e 
A 
A 
11 A 1 2 ( 1 | H 8 | 3 ) ( l | H f l | 4 ) ( 1 | H 8 | 5 ) — * 
21 A 2 2 ( 2 | H s | 3 ) ( 2 | H f l | 4 ) ( 2 | H g | 5 ) 
0 0 E r ( 3 ) - E 0 0 0 
0 0 0 E ( 4 ) - E 
r 
0 0 
0 0 0 0 E ( 5 ) - E 
r 
0 
0 0 0 0 0 
A l l = [ E R ( D 
- ( l | H g | n ) ( n | H 1 1) 1
 s 1 
E J n ) - E > 
n^ l ,2 
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( 2 | H | n ) ( n | H |2 ) 
A 2 2 = [ E r ( 2 ) - E ] - Y E (n) - E 
n*l ,2 r 
( l | H | n ) ( n | H |2) 
A l 2 ^ 1 l H s l 2 ) " I 
n^l ,2 r 
E (n) - E 
( 2 | H s | n ) ( n | H s | 1) 
E r ( n ) - E 
n^ l ,2 
T h e s e c u l a r equa t ion for r o o t s n e a r E r ( l ) o r E^(2) i s t h e r e f o r e 
A 1 1 A 2 2 " A 2 1 A 1 2 = 0 
°
r
 ( l | H | n ) 2 
[ E - E r ( l ) ] [ E - E r ( 2 ) ] - [ E - E r ( 2 ) ] £ E ^ f o ) < C - 4 > 
n*l ,2 r 
[ E - E r ( l ) ] ^ E _ E S ( n ) 
n^l ,2 r 
( l | H j n ) 2
 V ( 2 | H s | n ) 2 
Z_/ E - E (n) Z_y ) E - E (n) 
n*l ,2 r n^ l ,2 
- ( l | H s | 2 ) 2 + ( l | H j 2 ) Y, 
( 2 | H | n ) ( n | H | 1) 
E - E (n) 
n*l ,2 
+ ( 2 | H s | l ) £ 
( l | H s | n ) ( n | H s | 2 ) 
E - E (n) 
n^ l ,2 
( l | H j n ) ( n | H Q | 2 ) ^ (2 | H c | n)(n | H g | 1) y ( l | H s | n ) ( n | H s | 2 ) y 
LJ E - E (n) Z_y E - E (n) E - E (n) n^ l ,2 r n^ l ,2 r 
= 0 
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The s q u a r e s of m a t r i x e l e m e n t s a r e t a k e n in the s e n s e 
( m | H j n ) 2 = ( m | H s | n ) * ( m | H j n ) = (m | H g | n ) (n | H g | m) , 
w h e r e u s e h a s b e e n m a d e of the H e r m i t i a n c h a r a c t e r of H . T e r m s 
s 
of the f o r m [ E r ( n ) - E] h a v e b e e n w r i t t e n a s - [ E - E r ( n ) ] . 
In the n o n - d e g e n e r a t e s i t u a t i o n one s e e k s s o l u t i o n s for E n e a r 
E (1), wi th the a s s u m p t i o n t h a t t he d i f f e rence b e t w e e n E and E (1) i s 
r r 
v e r y s m a l l c o m p a r e d to the d i f f e rence E - E r ( n ) , n ^ l . T e r m s of the 
f o r m [ E - E (n)] in (C-4) t hen c a n be r e p l a c e d by [ E ( 1 ) - E (n)] , n ^ l . 
Upon m a k i n g th i s s u b s t i t u t i o n , d ropp ing t e r m s of h i g h e r t han s e c o n d 
o r d e r , ^ and d iv id ing t h r o u g h by [ E r ( l ) - E r ( 2 ) ] , one o b t a i n s : 
( l | H s | 2 ) 2 E-E r(l) (2| H s | n ) Z 
E-E r(l) = E r ( 1 ) _ E r ( 2 ) + E r(l)-E r(2) 2_, E r(l)-E r(2) 
J E (1)-E (n) 
r r 
The t h i r d o r d e r t e r m s v a n i s h anyway , a s c a n be shown t h r o u g h 
a s y m m e t r y a r g u m e n t i n d i c a t e d by Go lden and Wi l son (7). C l e a r l y the 
t e r m s v a n i s h i n d i v i d u a l l y e x c e p t when s t a t e s 1, 2, and n a r e of t h r e e 
d i f fe ren t s y m m e t r i e s . In th i s s i t u a t i o n , i n s p e c t i o n of Tab le 12 wi l l show 
tha t the t h r e e e l e m e n t s of H s in e a c h p r o d u c t invo lve t h r e e d i f f e ren t 
c o m p o n e n t s of p.. T a b l e I of C r o s s , H a i n e r , and King (82) shows tha t 
of the t h r e e d i r e c t i o n - c o s i n e m a t r i x e l e m e n t s invo lved , two a r e r e a l 
and one i s i m a g i n a r y . Bu t b e c a u s e of t he H e r m i t i a n c h a r a c t e r of H , 
the two t h i r d - o r d e r t e r m s in (C-4) a r e m u t u a l l y c o m p l e x con juga t e ; 
t h e r e f o r e they c a n c e l . 
141 
Since the a s s u m p t i o n h a s b e e n m a d e t ha t the r a t i o m u l t i p l y i n g the 
m i d d l e t e r m is v e r y s m a l l , the t e r m can be d r o p p e d . The t e r m in 
(1 | H g | 2) c a n be i n c l u d e d in the t h i r d - t e r m s u m m a t i o n . The r e s u l t i s 
the e x p r e s s i o n for the c o n v e n t i o n a l s e c o n d - o r d e r p e r t u r b a t i o n e n e r g y : 
x ( 1 | H | n ) 2 
E - E R U > = L E J D - E J n ) • < C - 5 > 
115(1,2 r r 
In the c a s e of n e a r - d e g e n e r a c y b e t w e e n E r ( l ) and E r ( 2 ) , the 
d i f f e r ence [ E - E r ( l ) ] i s no l o n g e r v e r y s m a l l c o m p a r e d to [ E - E r ( 2 ) ] 
It t h e n i s a p p r o p r i a t e to ob ta in s o l u t i o n s n e a r E r ( l ) by r e t a i n i n g E a s 
an unknown in [ E - E r ( 2 ) ] , whi le r e p l a c i n g i t by E r ( l ) a s b e f o r e in 
[ E - E r ( n ) ] , n ^ l , 2 . E q u a t i o n (C-4) b e c o m e s a q u a d r a t i c in E , e a s i l y 
s o l v e d . Ac tua l l y , if [ E r ( l ) - E r ( 2 ) ] i s s m a l l c o m p a r e d to [ E - E r ( n ) ] , 
n ^ l , 2, i t m a k e s l i t t l e d i f f e r ence w h e t h e r E in the l a t t e r e x p r e s s i o n i s 
r e p l a c e d by E ^ ( l ) o r by E ^ ( 2 ) . By r e p l a c i n g i t by E^(2) in the d e n o m ­
i n a t o r s of t e r m s invo lv ing (2 | H g | n) and by E ^ ( l ) in the d e n o m i n a t o r s of 
t e r m s invo lv ing (1 | H | n ) , one c a n put the s e c u l a r e q u a t i o n (C-4) in a 
s 
s y m m e t r i c a l f o r m f r o m wh ich the S t a r k e n e r g i e s a s s o c i a t e d wi th b o t h 
l e v e l s c a n be o b t a i n e d s i m u l t a n e o u s l y . D r o p p i n g the l a s t t h r e e h i g h e r -
o r d e r t e r m s , ^ one ob t a in s f r o m the q u a d r a t i c - s o l u t i o n f o r m u l a : 
^See p r e c e d i n g f o o t n o t e . 
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E 
^ ( l | H s | n ) 2 " 





(2|H |n) 2 1 
E r ( 2 ) + Z E(2)-E r(n) 
nfl,2 1 
FT
 V (1|H |n) 2 




2 n (2 H s|n) 
E r ( 2 ) + L E (2)-E (n) 
n*l,2 r 
>- +4(1 H 2) 
This is Golden and Wilson's result for the case of two near-degenerate 
levels. Energies near the larger E ^ are obtained with the positive square 
root; those near the smaller E ^ with the negative square root. For the 
i i 2 
nearly degenerate levels of a "slightly asymmetric" rotor, 4(1 H |2) 
s 
becomes the dominant term of the radicand and a predominantly first-
order Stark effect results. The summation terms then represent a 
second-order correction, probably ignorable. For the same type of 
near-degeneracy in a more asymmetric rotor like nitryl chloride the 
entire expression should be used. 
With substitution from (C-2) the squared matrix elements of H G 
in equations (C-5) or (C-6) take the form 
(JTM|H I J ' T ' M ) 2 = | J L 2 (F (JTM|$ IJ'T'M)1 (C -7) 
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w h e r e g i s t he one a x i s for wh ich the d i r e c t i o n - c o s i n e m a t r i x e l e m e n t 
does not v a n i s h for t he p a r t i c u l a r s y m m e t r i e s of s t a t e s J T and J ' T ' . 
It wi l l be r e c a l l e d f r o m equa t ions (A-113) and (A-113 ' ) t ha t 
E ( j T M | $ Z g | j ' r ' M ) = y ^ g ( J T ; J ' T ' ) 
w h e r e \ ( J T J J ' T 1 ) i s the " l i n e s t r e n g t h " t a b u l a t e d by C r o s s , H a i n e r , and 
King (82, 3 5). The s u m m a t i o n o v e r M i n v o l v e s only t he f a c t o r 
( ^ z , g ^ JM- J ' M * n e c l u a t i ° n (A-112 ) . C o n s e q u e n t l y , 
( j T M | * Z g | j ' r ' M ) 2 = L ^ Z g ' j M i J ' M ] y j T ; J V ) , 
3 M ? - j [ ! * Z g ) j M ; J ' M ] 2 
w h e r e (82) 
[ ( $ Z g ) j M ; J M ] 2 = 4 M ' 
[ < * z g W i , M ] 2 = 4 j 2 - m 2 J 
[ < V J M ; J + 1 , M ] 2 = 4 [ ( J + 1 > 2 " M 2 ] 
T h e s u m o v e r M in e a c h c a s e c a n be put in c l o s e d f o r m wi th u s e of t he 
fac t t h a t the s u m of the s q u a r e s of the f i r s t N i n t e g e r s i s 
(1 /6)N(N+1)(2N+1) . One o b t a i n s 
( j T M [ S Z g | JT>M) 2 =
 J(J+1Y(2ZJ+1) X g ( J r ; j T > ) , (C-8) 
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( j T M | S Z g | j - l , T ' M ) 2 = J ^ ^ J . ! ) X g(Jr;J-l,T-) , (C -9) 
( j T M | * Z g | J+l.T-M) 2 = V J T ; J + 1 ' T ' '- <C-10) 
In the n o n - d e g e n e r a t e s i t u a t i o n , i n s e r t i o n of (C-7) in (C-5) g ives 
a " q u a d r a t i c " S t a r k effect in wh ich the e n e r g y - l e v e l shif t i s p r o p o r t i o n a l 
to the s q u a r e of the f i e ld s t r e n g t h . F o r c o m p l e t e o r a l m o s t c o m p l e t e 
d e g e n e r a c y , (C-6) g ives a " l i n e a r " S t a r k effect in wh ich the shift i s 
d i r e c t l y p r o p o r t i o n a l to the f i e ld s t r e n g t h . " N e a r " d e g e n e r a c y r e s u l t s 
in a " t r a n s i t i o n a l " S t a r k effect , i n t e r m e d i a t e b e t w e e n the l i m i t i n g c a s e s . 
In the f o r e g o i n g e q u a t i o n s , e n e r g i e s a r e e x p r e s s e d in e r g s when 
[i and £ a r e e x p r e s s e d in e l e c t r o s t a t i c cgs u n i t s . All e n e r g i e s c a n 
be r e p l a c e d by E ^ / h in m e g a c y c l e s p e r s e c o n d if g^(5 *n (C-7) is r e ­
p l a c e d by (p, ^ " ) / h in m e g a c y c l e s p e r s econd : 
v-6 
— ( i n Mc) = 0. 5035 (jt(in debye) £ (in v o l t s / c m ) ; 
1 debye = 1 0 ^ e s u . 
S t a r k - e f f e c t s e l e c t i o n r u l e s depend upon the o r i e n t a t i o n of the 
r a d i a t i o n e l e c t r i c f i e ld wi th r e s p e c t to the s t a t i c f ie ld , wh ich def ines the 
s p a c e - f i x e d Z a x i s . In the c o n v e n t i o n a l m i c r o w a v e s p e c t r o g r a p h the 
f i e lds a r e e s s e n t i a l l y p a r a l l e l . The s q u a r e d d i r e c t i o n - c o s i n e m a t r i x 
e l e m e n t in t h e a b s o r p t i o n - c o e f f i c i e n t e x p r e s s i o n s (A-107 , 108) t h e n 
b e c o m e s ( J T M | $ V I J ' T ' M ' ) , wh ich v a n i s h e s e x c e p t for M=M'. " L i n e 
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s t r e n g t h s " of S t a r k c o m p o n e n t s for v a r i o u s M ' s a r e g iven by the a p p l i ­
c a b l e e x p r e s s i o n (C-8 ) , (C-9 ) , o r ( C - 1 0 ) . F o r M^O the e x p r e s s i o n m u s t 
be doubled to s u m the t r a n s i t i o n p r o b a b i l i t i e s for the d e g e n e r a t e +M and 
- M s t a t e s . If the r a d i a t i o n e l e c t r i c f ie ld h a s a c o m p o n e n t p e r p e n d i c u l a r 
i i 2 to the s t a t i c f ie ld , the m a t r i x e l e m e n t s ( J t M $ V J ' t ' M ' ) and i Xg 1 
i i 2 
( J t M | ^Yg I J ' T , M ' ) wi l l g ive r i s e to t r a n s i t i o n s M' = M ± 1. T r a n s i t i o n s 
of t h i s type due to i m p e r f e c t f ie ld p a r a l l e l i s m in the c o n v e n t i o n a l s p e c ­
t r o g r a p h a r e o r d i n a r i l y qui te w e a k (101) . 
S t a r k effect in the p r e s e n c e of q u a d r u p o l e i n t e r a c t i o n . — T h e c o m b i n e d 
S t a r k and q u a d r u p o l e - i n t e r a c t i o n ef fec ts c a n be h a n d l e d by s i m p l e p e r ­
t u r b a t i o n t h e o r y only when one p e r t u r b a t i o n i s m u c h w e a k e r t han the 
o t h e r o n e . In the c a s e of g e n e r a l i n t e r e s t , h o w e v e r , the two effects a r e 
of the s a m e o r d e r of m a g n i t u d e . The p r o b l e m cou ld be h a n d l e d in a 
s t r a i g h t f o r w a r d bu t v e r y l a b o r i o u s m a n n e r by c o n s t r u c t i n g the e n t i r e 
m a t r i x ( m | H r + H g + H q | n) in a c o n v e n i e n t r e p r e s e n t a t i o n and so lv ing i t s 
s e c u l a r e q u a t i o n . 
M i z u s h i m a (8) h a s p r o p o s e d a m u c h s i m p l e r s e c u l a r d e t e r m i ­
nan t , c o n s t r u c t e d f r o m the e l e m e n t s 
E (J tM) + ( j T M I m | H | jTMIm) - E ( o n - d i a g o n a l ) , ( C - l l ) 
I* s 
( J t M I m | H | j T M ' I m ' ) (o f f -d i agona l ) . 
H e r e E (J tM) i s the c o m b i n e d r o t a t i o n a l and S t a r k - e f f e c t e n e r g y for 
the s t a t e J t M , c a l c u l a t e d by s e c o n d - o r d e r p e r t u r b a t i o n t h e o r y for the 
r o t o r wi thou t q u a d r u p o l e i n t e r a c t i o n ; i . e . , the e n e r g y " E " of e q u a t i o n 
( C - 5 ) . The H m a t r i x e l e m e n t s a r e t h o s e in the JTMIm r e p r e s e n t a t i o n , 
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given by equa t i ons (B-29) t h r o u g h (B-3 5). The d e t e r m i n a n t i s d iagona l 
in J T , and a l s o (as i n s p e c t i o n of the a f o r e m e n t i o n e d e q u a t i o n s wi l l show) 
in the s u m M p = M + m . 
It i s ev iden t t ha t M i z u s h i m a 1 s m e t h o d a m o u n t s t o eva lua t i ng the 
m a t r i x e l e m e n t s ( m | H +H +H In) wi th e igenfunc t ions of H +H and 
*
 1
 r s q 1 r s 
a s s u m i n g t h a t t he e l e m e n t s of H q thus ob t a ined a r e n e g l i g i b l y d i f fe ren t 
f r o m t h o s e o b t a i n e d wi th e igenfunc t ions of only . The p r o p r i e t y of 
t h i s a s s u m p t i o n h a s b e e n d i s c u s s e d by E a g l e (9), who shows tha t if t he 
S t a r k and q u a d r u p o l e p e r t u r b a t i o n s a r e of the s a m e g e n e r a l m a g n i t u d e , 
the n e g l e c t e d c o r r e c t i o n s t o the e n e r g i e s a r e of about the s a m e m a g n i ­
tude a s the n e g l e c t e d h i g h e r - o r d e r S t a r k e n e r g y t e r m s . T h i s a r g u m e n t 
h o l d s for the s i t u a t i o n in which the JT o f f -d iagona l e l e m e n t s of H q due to 
c r o s s - d e r i v a t i v e s of the p o t e n t i a l funct ion V v a n i s h o r a r e neg l ig ib ly 
s m a l l . (See Append ix B. ) 
The h i g h e s t o r d e r of the M p s u b f a c t o r s of M i z u s h i m a ' s s e c u l a r 
d e t e r m i n a n t i s 2J+1 o r 21+1, w h i c h e v e r i s s m a l l e r . In g e n e r a l , n u m e r ­
i c a l s o l u t i o n s for the a l l o w e d E ' s a r e b e s t ob t a ined wi th the a id of a 
d i g i t a l - c o m p u t e r m a t r i x d i a g o n a l i z a t i o n r o u t i n e . H o w e v e r , the e n e r g y 
of the c o m p o n e n t fo r which M+m = J+I c a n be ob ta ined i m m e d i a t e l y f r o m 
a f i r s t - d e g r e e s e c u l a r equa t ion : 
E = E + ( J T J I I I H I JTJII) 
r s v q 
T h a t i s , the e n e r g y for M p = J+I i s equa l to the s u m of the r o t a t i o n a l 
e n e r g y , the z e r o - f i e l d q u a d r u p o l e - i n t e r a c t i o n e n e r g y for F = J+I, and 
the S t a r k e n e r g y of the r o t o r wi thou t q u a d r u p o l e i n t e r a c t i o n . 
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The S t a r k - e f f e c t s e l e c t i o n r u l e A M = 0 s t i l l ho lds for the s t r o n g -
f ie ld c a s e in the p r e s e n c e of q u a d r u p o l e i n t e r a c t i o n , and t ends to p r e ­
d o m i n a t e in the i n t e r m e d i a t e - f i e l d c a s e a l s o . In the l a t t e r s i t ua t i on the 
q u a d r u p o l e i n t e r a c t i o n i n t e r m i x e s the r o t a t i o n a l wavefunc t ions for 
v a r i o u s M ' s to a d e g r e e which d e c r e a s e s wi th i n c r e a s i n g f ie ld . It i s 
u s u a l l y e a s y to ident i fy the dominan t M c h a r a c t e r of a S t a r k c o m p o n e n t 
by the m a g n i t u d e of i t s d i s p l a c e m e n t . F o r w e a k f i e lds the i n t e r m i x i n g 
i s m o r e c o m p l e t e , and the s e l e c t i o n r u l e i s m o r e a d e q u a t e l y r e p r e s e n t e d 
by A M p = 0. 
M i z u s h i m a does not c o n s i d e r d e g e n e r a c y e f fec t s , and h i s m e t h o d 
i s i n a c c u r a t e in the n e a r - d e g e n e r a t e c a s e . Obv ious ly a s u b s t a n t i a l i m ­
p r o v e m e n t in a c c u r a c y c a n be a c c o m p l i s h e d s i m p l y by ob ta in ing E 
f r o m (C-6) i n s t e a d of f r o m (C-5) for i n s e r t i o n in the M i z u s h i m a s e c u l a r 
d e t e r m i n a n t . H o w e v e r , the effect of i g n o r i n g the r e l a t i v e l y l a r g e i n t e r ­
m i x i n g of the wave func t ions of the c l o s e l y - s p a c e d s t a t e s in c a l c u l a t i n g 
the m a t r i x e l e m e n t s of H i s t hen of r e a l c o n c e r n . A f o r t u n a t e s i t u a t i o n 
q 
o c c u r s for the n e a r - d e g e n e r a t e s t a t e s 2^ and 2^ of n i t r y l c h l o r i d e ; the 
e l e m e n t s (2^ | H |2£) v a n i s h b e c a u s e of the s y m m e t r y of the p o t e n t i a l 
funct ion V, and the e l e m e n t s ( ^ l ^ q ^ ^ ) a r e n e a r l y e q u a l to the e l e m e n t s 
(2 . IH 1 2 , ) . One t h e r e f o r e wou ld e x p e c t the u s e of the c o r r e c t E in 1 1 q 1 1' * r s 
the M i z u s h i m a d e t e r m i n a n t to give an a c c u r a t e d e s c r i p t i o n of the c o m ­
b i n e d i n t e r a c t i o n s , and th i s i s c o n f i r m e d by the c a l c u l a t i o n s d i s c u s s e d 
in C h a p t e r IV. 
T h e s i g n i f i c a n c e of the d e g e n e r a c y p r o b l e m , c o r r e c t l y a s s e s s e d 
by Golden and Wi lson , h a s not b e e n u n i v e r s a l l y a p p r e c i a t e d . M i z u s h i m a 
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comments (8), "Golden and Wilson discussed the case of accidental 
degeneracy of rotational levels, but since such a case was never found 
actually, the second-order formula will be enough in discussing experi­
mental results." Elsewhere (102) one reads, "It should be pointed out, 
however, that, although such degeneracies are possible, coincidences 
to within, say, 50 M c are rare. Quadratic Stark effects as large as 
this are seldom observed because of the large fields necessary." 
Actually even for coincidences within a few hundred megacycles one has 
not a quadratic but a transitional Stark effect, and large Stark shifts 
result. It is important to be able to handle these cases correctly; it 
seems evident that often, as in nitryl chloride, only the transitional 
Stark effects will produce shifts large enough for accurate measurement 
in dipole m o m e n t determinations. A further investigation of this pro­
blem is being carried out by Eagle (10). 
A P P E N D I X D 
S P E C T R U M O F N I T R Y L CHLORIDE; 25 , 000 - 40 , 600 MC 
T a b l e 15 l i s t s the m e a s u r e d a b s o r p t i o n l ine f r e q u e n c i e s for m o l e ­
c u l e s in the g r o u n d v i b r a t i o n s t a t e . W h e r e f r e q u e n c i e s a r e l i s t e d to 
0 . 0 1 Mc , i t i s e s t i m a t e d t ha t m e a s u r e m e n t e r r o r s s e l d o m e x c e e d 
0 . 0 5 Mc and a r e m o r e often a r o u n d 0 . 0 2 M c . W h e r e diff icul ty w a s e n ­
c o u n t e r e d in r e s o l v i n g w e a k l i n e s f r o m n o i s e o r f r o m ad j acen t s t r o n g 
l i n e s , f r e q u e n c i e s a r e l i s t e d to 0. 1 M c . 
M e a s u r e d and c a l c u l a t e d g r o u p - c e n t e r f r e q u e n c i e s (the f r e ­
q u e n c i e s of the r o t a t i o n a l t r a n s i t i o n s wi thou t q u a d r u p o l e sp l i t t ing) a r e 
l i s t e d for e a c h t r a n s i t i o n . The m e a s u r e d g r o u p - c e n t e r f r e q u e n c y v ^ 1 
w a s d e t e r m i n e d by t ak ing the m e a s u r e d l ine f r e q u e n c i e s of the g r o u p , 
s u b t r a c t i n g the c a l c u l a t e d q u a d r u p o l e - s p l i t t i n g d i s p l a c e m e n t s Av , a n d 
a v e r a g i n g . The g r o u p - c e n t e r f r e q u e n c y V q w a s c a l c u l a t e d f r o m the 
r o t a t i o n a l c o n s t a n t s l i s t e d in T a b l e 2, C h a p t e r IV. The c o l u m n h e a d e d 
" v ^ 1 + Av^" g ives the s u m of the m e a s u r e d g r o u p - c e n t e r f r e q u e n c y and 
the c a l c u l a t e d q u a d r u p o l e i n t e r a c t i o n shif t for e a c h l i n e . F r e q u e n c i e s in 
the c o l u m n h e a d e d " C a l c u l a t e d F r e q u e n c y (v + Av )" w e r e d e t e r m i n e d 
^
 1
 o q 
e n t i r e l y by c a l c u l a t i o n . 
T a b l e 15 . S p e c t r u m of N i t r y l C h l o r i d e ; 2 5 ,000 - 40 , 600 Mc . 
T r a n s i t i o n 
T T ' 
T h e o r e t i c a l 
R e l a t i v e 
I n t e n s i t y 
N Q 2 C 1 35 
M e a s u r e d 
F r e q u e n c y v +Av 
o q 
C a l c u l a t e d 
F r e q u e n c y 
( v C + A v ) o q 
N O z C l 
37 
M e a s u r e d 
F r e q u e n c y v +A v 
o q 
C a l c u l a t e d 
F r e q u e n c y 
(v C +Av ) 
o q 
2
 9-^3 . 25 9 8 6 . 4 9 = v m v°= 25 9 8 6 . 4 8 25 3 5 5 . 2 2 = v m v C = 25 3 5 5 . 1 9 
— c - J o o o o 
3/2- 3/2 4 . 00 26 004. 59 26 004. 60 26 004. 59 25 369 . 52 25 369 . 53 25 369 . 51 
5/2- 5/2 5. 22 25 998 . 57 25 998 . 56 25 998 . 55 25 364. 68 25 364 . 73 25 364 . 71 
5/2- 7/2 24 . 5 25 988 01 25 988 . 00 25 987 . 99 25 356. 38 25 356 . 38 25 356 . 35 
7/2- 9/2 3 5 . 7 25 987 43 25 987 . 40 25 987 . 39 25 355 . 97 25 355 . 94 25 355 . 92 
3/2- 5/2 16. 0 25 9 8 1 . 95 25 9 8 1 . 95 25 9 8 1 . 95 25 3 5 1 . 64 25 3 5 1 . 64 25 3 5 1 . 61 
1/2- 3/2 10. 0 25 981 33 25 9 8 1 . 36 25 9 8 1 . 35 25 3 5 1 . 20 25 3 5 1 . 20 25 3 5 1 . 18 
7/2- 7/2 4 . 08 o b s c u r e d * 25 964. 76 25 964 . 75 25 338 . 08 25 338 . 05 25 338 . 02 
2 1 ^ 3 0 26 684. 67 = 
m V 
o 
c V = 
o 
26 684. 70 25 977 . 93 = m 
-v 
o 
c V = 
o 













































































O b s c u r e d by N 0 2 C l 3 7 l i n e , 2 ^ 3 Q ; F Z = 5/2. 
3Q l e v e l d e g e n e r a t e in F . 
T a b l e 15. S p e c t r u m of N i t ry l C h l o r i d e ; 25 , 000 - 4 0 , 6 0 0 M c . (Cont inued) 
T r a n s i t i o n 
T T 1 
T h e o r e t i c a l 
R e l a t i v e 
In t ens i t y 
N Q 2 C 1 35 
M e a s u r e d 
F r e q u e n c y V^N-A m 
C a l c u l a t e d 
F r e q u e n c y 
(VC + AV ) 
o q ' 
37 
N O z C l 
M e a s u r e d 
F r e q u e n c y m ,
 A v +Av 
o q 
C a l c u l a t e d 
F r e q u e n c y 
(VC + A V ) o q 
3 - 4 
- 3 - 4 










26 600. 73 
1/2- 3/2 10. 0 27 407 . 00 27 4 0 6 . 99 27 406 . 99 26 6 1 9 . 6 9 26 619 . 68 26 619. ,66 
7/2- 9/2 3 5 . 7 27 389 . 88 27 389 . 90 27 389 . 91 26 6 0 6 . 2 2 26 606 . 23 26 606. 22 
7/2- 7/2 4 . 08 27 388 . 8 27 388 . 86 27 388 . 87 not r e s l v d . 26 605 . 48 26 605 . 47 
3/2- 3/2 4 . 00 27 3 8 3 . 8 27 3 8 3 . 75 27 3 8 3 . 75 26 6 0 1 . 4 26 6 0 1 . 34 26 6 0 1 . 33 
3/2- 5/2 16. 0 27 382 . 73 27 382 . 71 27 382 . 71 26 6 0 0 . 6 0 26 600 . 59 26 600. 58 
5/2- 5/2 5. 22 27 366. 1 27 366 . 11 27 366. 11 26 587. 5 26 587. 50 26 587. 49 
5/2- 7/2 24. , 5 27 365 . ,61 27 365 . 63 27 365 . 63 26 5 8 7 . 1 4 26 587. 15 26 587. 14 










33 159. ,47 
5/2- 5/2 2. 30 33 953 . ,0 33 952 . 94 33 953 . 53 not m e a s . 33 174. 91 33 175. 49 
7/2- 7/2 3 . 02 33 9 4 1 . ,4 33 9 4 1 . 52 33 942. 11 not m e a s . 33 165. ,84 33 166, ,43 
7/2- 9/2 25 . , 5 33 933 . ,83 33 9 3 3 . 81 33 934. 40 33 1 5 9 . 7 5 33 159. , 74 33 160. ,32 
9/2- 11/2 3 3 . ,3 33 933 . , 17 33 9 3 3 . , 16 33 933 . , 75 33 159 .29 33 159. ,26 33 159. ,84 
5/2- 7/2 19. 1 33 930. ,97 33 930. 96 33 9 3 1 . 55 33 157 .49 33 157. 49 33 158. , 07 
3/2- 5/2 14. , 3 33 930. ,27 33 930. 31 33 930. 90 33 156 .97 33 157. , 01 33 157. ,60 
9/2- 9/2 2. ,31 33 9 1 1 . , 19 33 9 1 1 . 18 33 9 1 1 . , 77 not m e a s . 33 141. ,84 33 142. ,42 
Ob ta ined f r o m the four p r i n c i p a l l i n e s only . 
T a b l e 1 5 . S p e c t r u m of N i t r y l C h l o r i d e ; 25 , 000 - 40, 600 M c . (Cont inued) 
N O z C l N O z C l 
T r a n s i t i o n T h e o r e t i c a l C a l c u l a t e d C a l c u l a t e d 
R e l a t i v e M e a s u r e d F r e q u e n c y M e a s u r e d F r e q u e n c y 
J -*J' , F->F ! I n t e n s i t y F r e q u e n c y v + Av . c l A . F r e q u e n c y v + A . c , A . T T 1 r L / o q ( v +Av ) n } o q (v +Av ) 
^ o q n x o q 




35 4 3 9 . 95 34 5 1 2 . 8 3 = v m 
o 
c V = 
o 
34 513 . 14 
5/2 16. 7 35 4 4 6 . 3 6 35 4 4 6 . 32 35 446 . 64 34 5 1 8 . 1 1 34 518. 11 34 518. 42 
* 11/2 3 3 . 3 35 4 4 3 . 0 8 35 4 4 3 . 04 3 5 443 . 3 6 34 5 1 5 . 5 3 34 515. 52 34 515 . 83 
* 7/2 22 . 2 35 4 3 6 . 9 1 35 436 . 95 35 437 . 27 34 510 .72 34 510. 72 34 5 1 1 . 03 
9/2 27 . 8 35 4 3 3 . 6 3 35 4 3 3 . 67 35 433 . 9 9 34 508. 11 34 508. 13 34 508. 44 
3 1 ^ 4 0 37 085.46=v 
m 
o 
c V = 
o 
37 085 . 36 35 9 9 0 . 3 5 = m V 
o 
c V = 
o 
35 990. 25 
5/2--5/2 2 . 30 not r e s l v d . 37 0 9 3 . 56 37 0 9 3 . 46 not r e s l v d . 35 996 . 65 35 996. 55 
3/2--5/2 14. 3 37 0 9 2 . 5 2 37 092 . 52 37 092 . 42 35 9 9 5 . 9 0 35 995 . 91 35 995 . 80 
9/2-11/2 3 3 . 3 37 089 . 15 37 089 . 13 37 089 . 03 35 9 9 3 . 2 7 35 993 . 24 35 993 . 13 
7/2--7/2 3 . 02 not r e s l v d . 37 082 . 99 37 082 . 89 not r e s l v d . 35 988 . 39 35 988 . 29 
5/2--7/2 19. 1 37 0 8 2 . 5 0 37 082 . 51 37 082 . 41 35 9 8 8 . 0 3 35 988 . 04 35 987. .94 
7/2--9/2 2 5 . 5 37 0 7 9 . 1 1 37 079. 12 37 079 . 02 35 985 . 36 35 985 . . 37 35 985 . , 27 
9/2--9/2 2 . 31 not r e s l v d . 37 078 . 08 37 077 . 98 not r e s l v d . 35 984. .63 35 984. , 52 
3 n l e v e l d e g e n e r a t e in F . 
T a b l e 15. S p e c t r u m of N i t r y l C h l o r i d e ; 25, 000 - 40, 600 M c . (Cont inued) 
T r a n s i t i o n 
J J 1 F F 1 
T h e o r e t i c a l 
R e l a t i v e 
In t ens i ty 
N Q 2 C 1 37 
M e a s u r e d 
F r e q u e n c y v""+ v 
^
 1
 o q 
m , 
C a l c u l a t e d 
F r e q u e n c y 
(v°+ v ) v
 o q 
- 4 - 5 40 6 0 0 . 5 7 = 











2 5 . 8 
3 1 . 8 
20 . 7 
16 .7 
1.49 
not m e a s . 
not m e a s . 
40 6 0 1 . 2 2 
40 6 0 0 . 7 5 
40 599 .89 
40 599 .43 
not m e a s . 
40 6 1 6 . 8 8 
40 6 0 5 . 9 9 
40 6 0 1 . 19 
40 6 0 0 . 7 7 
40 599 .88 
40 5 9 9 . 4 6 
40 5 8 3 . 7 7 
40 6 1 9 . 0 9 
40 6 0 8 . 2 0 
40 6 0 3 . 4 1 
40 6 0 2 . 9 8 
40 6 0 2 . 0 9 
40 6 0 1 . 6 7 
40 58 5 .99 
A P P E N D I X E 
E X C I T E D VIBRATION S P E C T R U M 
In add i t i on to the s t r o n g a b s o r p t i o n l i n e s of the p r i m a r y s p e c t r u m 
(Appendix D), a c a r e f u l s e a r c h wi th the c h a r t r e c o r d e r d i s c l o s e d the 
e ight g r o u p s of w e a k e r l i n e s l i s t e d in the a c c o m p a n y i n g t a b l e . A weak 
g r o u p i s found a few h u n d r e d m e g a c y c l e s b e l o w e a c h of the p r i m a r y 
t r a n s i t i o n s 2^ -» 3 ^ , 2^ ~* ^  2 ' ^ 0 ~ * ^ 1 ' a n d ^ i ^ ^ Q ' E a c h g r o u p exh ib i t s 
four l i n e s in a p a t t e r n which a p p e a r s i d e n t i c a l to t h a t of the p r i n c i p a l 
l i n e s of the c o r r e s p o n d i n g p r i m a r y t r a n s i t i o n . A s s o c i a t e d w e a k g r o u p s 
w e r e not o b s e r v e d for the 2_-> -> 3_^ and the 3_^ -»4 ^ t r a n s i t i o n s . T h e s e 
t r a n s i t i o n s r e q u i r e v e r y h igh S t a r k v o l t a g e s for d e t e c t i o n , and the i n t e n ­
s i t i e s of t h e i r w e a k e r c o u n t e r p a r t s m i g h t we l l be b e l o w the s e n s i t i v i t y 
l i m i t of the s p e c t r o g r a p h . 
C a l c u l a t i o n s show tha t t h e s e l i n e s do not r e s u l t f r o m i s o t o p i c 
15 18 
f o r m s of n i t r y l c h l o r i d e con t a in ing N o r O They a r e b e l i e v e d to 
a r i s e f r o m m o l e c u l e s in an e x c i t e d v i b r a t i o n s t a t e . The n o r m a l m o d e s 
of v i b r a t i o n of n i t r y l c h l o r i d e have b e e n i n d i c a t e d in F i g u r e 11 , 
Append ix A. R y a s o n and Wi l son (19) r e p o r t the fo l lowing a s s i g n m e n t s 
of f u n d a m e n t a l f r e q u e n c i e s for t h e s e m o d e s : 
V j = 1, 293 c m 
v~, = 794 c m 
v
 0 = 651 c m 
- 1 1, 68 5 cm ' - 1 
- 1 
- 1 
411 c m 
367 c m - 1 
- 1 
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L i n e s A t t r i b u t e d to M o l e c u l e s in an E x c i t e d V i b r a t i o n S ta te 
35 
N O z C l 
37 
N O z C l 
(Mc) (Mc) 
3 1 " * 4 0 
3 6 , 7 4 0 ^ 
(4 l i n e s ) 
35 , 689 . 5 
35 , 686 . 9 
35, 6 8 1 . 7 
3 5 , 679 . 0 
3 o ^ 4 - i 35 , 1 2 9 . 4 
35 , 126. 2 
35 , 120. 0 
35 , 1 1 6 . 8 
3 4 , 2 1 0 ^ 
(4 L i n e s ) 
2 2 " > 3 1 27, 165. 3 
2 7 , 1 4 8 . 3 
2 7 , 1 4 1 . 3 
27, 1 2 4 . 3 
26, 375^ 
26, 350^ 
2 1 ^ 3 0 2 6 , 4 5 0 ^ 25 , 750^ 
2 6 , 4 2 5 ^ 25, 730^ 
M e a s u r e m e n t s m a d e wi th a b s o r p t i o n w a v e m e t e r . 
The two l a r g e r of the four l i n e s a r e g iven h e r e . 
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As i s po in t ed out in Appendix A, r e s t r i c t i o n s p l a c e d on the t o t a l m o l e c ­
u l a r wavefunc t ion by the p r e s e n c e of i d e n t i c a l oxygen n u c l e i r e q u i r e 
tha t if the t r a n s i t i o n s o b s e r v e d h e r e a r e for m o l e c u l e s in a s ing ly e x c i t e d 
n o r m a l m o d e , the m o d e m u s t be e i t h e r v^ , v^ , o r v ^ . Of t h e s e , the 
l a s t would be the m o s t h igh ly popu la t ed on the b a s i s of R y a s o n and 
W i l s o n ' s a s s i g n m e n t s . H o w e v e r , the popu la t i ons shou ld not be g r e a t l y 
d i f fe ren t for any of the fol lowing v i b r a t i o n a l s t a t e s , a l l of wh ich a l l o w 
t r a n s i t i o n s of the type o b s e r v e d : v^ , v^> doubly e x c i t e d v ^ or v^, or 
v 5 * v 6 c o m ^ > m a t i ° n ' Only a s i ng l e w e a k g r o u p w a s found a s s o c i a t e d 
wi th e a c h g r o u n d - s t a t e t r a n s i t i o n . The m o r e h igh ly p o p u l a t e d s ing ly 
e x c i t e d and m o d e s shou ld p e r m i t the t r a n s i t i o n s 2 Q — > 3 _ ^ and 
2_^ ~ > ^ _ 2 ' wh ich a r e f o r b i d d e n in the g r o u n d s t a t e . A s e a r c h was m a d e 
for the 2_ -» t r a n s i t i o n , bu t none w a s found. T h e s e r e s u l t s m a y 
i n d i c a t e t h a t a l o w e r f u n d a m e n t a l f r e q u e n c y s hou ld be a s s i g n e d to one 
of the s y m m e t r i c a l n o r m a l m o d e s . 
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